Chapter 7

The Basin and Range Province

T, Parsons

7.1. Introduction

The Basin and Range province is a broad, highly
extended terrane embedded within the North Ameri-
can western Cordillera that exiends from Canada,
through the western United States, and across much
of Mexico. The province roughly occupies the space
between the Cascade Ranges and Rocky Mountains
in the north and the Sierra Nevada and the Colorado
Plateau in the middle, and it engulfs the Sierra Madre
QOccidental Range in northern Mexico (Fig. 7-1).
Seismicity, high heat flow, and recent basaltic vol-
canism indicate that the Basin and Range province
is actively extending. Its descriptive name is derived
from a particular (and most recent) mode of exten-
sional block-faulting that left the characteristic pat-
tern of alternating basins and ranges across the prov-
ince (e.g., Gilbert, 1928). This pattern is especially
prominent in the Great Basin, a region of internal
drainage that occupies most of the northern Basin
and Range province. Estimates of the total crustal
extension across the Basin and Range province con-
verge to between 50 and 100% (e.g., Hamilton and
Myers, 1966; Zoback et al., 1981; Wernicke, 1992),
though it is recognized that this extension is not uni-
formly distributed across the province, but instead
occurs as extreme extension (100-300%) in scme
areas, and as minor extension {<10% } in others,

The Basin and Range is unlike most continental
rifts because of the breadth of extended lithosphere
there. At its widest points, the Basin and Range prov-

ince is more than 900 km across, much wider than
continental rifts such as the 100-300 km wide Rio
Grande (Chapter 6} and East African {Chapter 3)
rifts. Other broadly extended regions of crust are
observed, but are usually found beneath sea level,
as in the case of the extended crust beneath the North
Sea, the Bering Strait, and the Scuth China Sea, or
beneath thick basinal sedimentary rocks. In contrast,
the northern Basin and Range stands at an average
1.5 km above sea level. Much of the Basin and Range
province lies within a rain shadow behind the Sierra
Nevada and Cascade Ranges, and the resulting dearth
of erosion and sedimentation has preserved excel-
lent exposures of extended crust. Good exposures,
combined with the enigmatic nature of actively ex-
tending continental crust residing at high elevations,
has invited a great deal of study; as of 1992 more
than 7200 papers and books have been written un-
der a subject heading of “Basin and Range”. An un-
fortunate sampling bias in many types of geologic
and geophysical data towards the Basin and Range
province north of the Mexico-United States border
causes much of the focus of this chapter 10 be on the
United States Basin and Range, where more is
known. Exceptions to this are included where pos-
sible, such as the more comprehensive study of
Mexican Basir and Range crustal and mantle xeno-
liths.
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Fig. 7-1. Location of the Basin and Range province (stippled pattern) in relation to other tectonic elements of the North American
western Cordillera, The Rio Grande Rift is treated as a separate entity in this study, though is often included as pant of the Basin and
Range in other regional studies. The black areas are regions of metamorphic core complexes (highly extended terranes; usually on
apparent low-angle normal faults), and the patterned area marks the outline of the area traditionally known as the Basin and Range
province because of the signature block-faulted topography. Note that a significant part of the Basin and Range area is found in
Mexico. A to A’ is the location of the cross section shown in Figure 7-15.
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7.1.1. Tectonic Cycles in Western North America

Basin and Range extensional structure overprints
a long history of tectonism that affected various parts
of the western Cordillera (e.g., Conde, 1982). The
region has been the locus of many cycles of exten-
sional, compressional, and transform deformation,
Late Proterozoic extension created a passive mar-
gin along western North America, opening a proto-
Pacific basin. This stable continental margin may
have persisted until late in the Ordovician Period,
when island arcs began to form as a result of con-
vergence and subduction. By Middle Devonian and
Mississippian time, the Antler orogeny caused com-
pressional deformation in western North America.
By Permian time, back-arc extension caused the for-
mation of linear basing west of the Antler orogenic
belt. The Mesozoic Era brought changes in the North
American plate drift direction, assembling island
arcs together, and moving the trench westward. The
Sonoma crogeny was active in the Great Basin, and
the great thrust sheets of the Sevier fold and thrust
belt that extend from Alaska to Mexice were formed
as a result of subduction-generated compressional
stresses. By Cretacecus time, an increase in plutonic
and volcanic activity created batholiths like those
that form the Sierra Nevada. An apparent flattening
in the angle of subduction during Late Cretaceous
time may have initiated the Laramide orogeny that
involved cratonic basement rocks well inboard of
the fold and thrust belt, and persisted into the Ceno-
zoic Era, ending abruptly at about 40-50 Ma. “Ba-
sin and Range” has become an inclusive term that
covers most of the extended crust found in the west-
ern Cordillera. A variety of extensional styles were
active at various times during the Cenozoic Era,
which left their marks across the region, and have
come to define the extended province. In general,
Cenozoic extensional tectonism is most widely ob-
served in areas of pre-Cenozoic tectonic deforma-
tion {e.g., Wernicke, 1992). Middle Cenozoic io
Quaternary transform deformation along the west-
ern continental margin is partly expressed within the
Basin and Range province and links have been sug-
gested between the two deformational patterns (e.g.,
Zoback et al., 1981; Pezzopane and Weldon, 1993),
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7.1.2. Timing and Styles of Basin and Range Exten-
sion

The most current interpretation of the Basin and
Range province classifies all extensional phases from
Eocene time fo present as “Basin and Range” exten-
sion {e.g., Wernicke, 1992). Two distinct extensional
styles are commonly observed across the province:
(1) an initial stage of isolated highly extended ter-
ranes such as metamorphic core complexes, (regions
where mid-crustal rocks are exposed at the surface,
exhumed by low-angle normal faults, uplift, and ero-
sion}, and (2} a second, later stage of higher-angled
block faulting. Highly extended terranes were
formed in British Columbia, Canada, and in Wash-
ington, Oregon, 1daho, and northern Nevada in the
United States during Eocene time. Not all of the
Eocene highly extended terranes can be classified
as metamorphic core complexes, but they do tend to
be localized areas of large-magnitude extension
bounded by areas that were not as strongly extended
(sece Wernicke, 1992, and Axen et al., 1993, for de-
tailed descriptions and locations of these terranes).
During Oligocene time, highly extended terranes
formed in the Great Basin of eastern Nevada on low-
angle detachment faults that may have formed in a
back, or intra-arc setting (e.g., Zoback et al., 1981),
and clustered along the Proterozoic North Ameri-
can continental edge (e.g.. Coney, 1980). Further
south, in the southern Basin and Range, the earliest
stages of extension began by latest Oligocene time
in the southern parts of California and Arizona in
the United States, and in Durango, Chihuahua, and
Oaxaca, Mexico. By early Miocene time, strong ex-
tension had begun on major normal faults across
much of Mexico {e.g., Henry and Aranda-Gomez,
1952), and metamorphic core complexes were form-
ing along the Colorado River between California and
Arizona (e.g., Howard and Jchn, 1987) and along
the southerr edge of the Colorado Plateau in south-
ern Arizena {e.g., Rehrig and Reynolds, 1580). A
narrow zone of extension between the southern Si-
erra Nevada and southern Colorado Plateau, some-
times called the central Basin and Range (e.g., Jones
et al.,, 1692; Wemicke, 1992), became active during
late Oligocene to early Miocene time, and some of
the latest forming metamorphic core complexes are
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found in this zone {e.g., Wernicke et al., 1988; Axen
et al., 1992). The middie Miocene brought the re-
gionally broadest stage of extension to the northern
and southern Basin and Range provinces at about
10 and 13 Ma, respectively (e.g., Zoback et al.,
1981). This late stage of relatively small magnitude
extension on steeply dipping normal faulfs caused
the characteristic block-faulted basin-range structure
that gives the province its name. Widespread block-
faylting occurred across much of the western Great
Basin and southern Arizona, and the opening of the
Gulf of California accompanied normal fanlting in
Mexico at about 12--10 Ma {¢.g.. Stock and Hodges,
1989), Pliccene and Quaternary eruptions accom-
pany incipient rifting in the Jalisco block that lies at
the southern edge of the Sierra Madre Occidental in
Mexico {Wallace at al., 1992) (Fig. 7-1), possibly
indicating that the Basin and Range province is
growing to the south, Large-magnitude earthquakes
shake the Basin and Range province occastonally,
and are distributed along its entire length, indicat-
ing that extension is widespread and ongoing.

7.2, Significance of the Basin and Range Prov-
ince in reference to worldwide rifting

Two important questions about the Basin and
Range province are; why is so much of the province
o0 high, and why is it so wide? Extension generally
leads to isostatic subsidence, yet the northern Basin
and Range is a high plateau. Moreover, as can be
seen from examination of this book, the vast major-
ity of continental rifts are narrow features, and usu-
ally form as one or two chains of elongate basins.
The Basin and Range province is made up of hun-
dreds of basins of varying depth, age, and orienta-
ticn that stretch across several hundred km. The ori-
gin of the extensional stresses that caused the strain-
ing of the Basin and Range is also subject to ques-
tion, as is the partitioning of extensional strain. For
example, why didn’t a narrow rift develop into an
ocean basin as a result of strong extensicnal stresses
instead of broadly distributed strain? Does exten-
sion of orogenic lithosphere manifest itself differ-
ently from extension of cratonic lithosphere? A bet-
ter understanding of the differences between the
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Basin and Range province and other continental rift
zones may help to explain the conditions that lead
to more typical rifting, as well as being important to
studies of continental extension.

Internal differences in extensional style within the
Basin and Range provide further problems as well
as possible clues about the extensional process. For
example, the northern part of the province stands
one km higher in elevation on average than the south-
em part (Plate 7-1), even though the crustal thick-
ness and composition are largely similar between the
two sub-provinces, This difference is a probable in-
dication of a strongly varying, regionally dependent
mantle role in Basin and Range extension. The thick-
ness of the crust is generally uniform across the prov-
ince despite highly variable surface extension, How-
ever, the crust is thinner than adjoining unextended
provinces like the Colorado Platean, Rocky Moun-
tainsg, and the Sierra Nevada, an indication that
crustal pure shear does occur, but on a much broader
scale than that of individual basins within the ex-
tended province. At an average 30 km thick, the 50—
100% exiended Basin and Range crust must have
either started out thick (>45-60 km) (e.g., Hamilton,
1987), or its thickness was inflated during extension
by magmatism and/or lower-crustal flow from out-
side the province. Magmatism is ubiquitous in Ba-
sin and Range extension, and the different patterns
of Cenczoic volcanism in the Basin and Range prov-
ince allow for the cataloging and assessment of the
tectonic role of magmatic input into extending litho-
sphere. Identification of apparent low-angle normal
faults in the Basin and Range, whose formation
seemns fo have been confined to particular time in-
tervals in different parts of the province, continues
to cause controversy as to whether those faults
formed at low angles, or evolved into that orienta-
tion, The upper-crustal response 10 ¢xtensional stress
changed significantly to mote numerous, higher-
angle faults during the latest stage of extension. The
reasons for this change remain unknown, though
many ideas abound. In this chapter [ attempt to sum-
marize the current state of knowledge about the Ba-
sin and Range province, as well as models for its
behavior.
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7.3. Geologic Observations
7.3.1. Topography

At an average 1.5 km above sea level, the north-
ern Basin and Range province is unusually elevated
for a highly extended province. In general, lithos-
pheric thinning leads to isostatic subsidence, since
the buoyant crustal layer is thinned (e.g.,
Lachenbruch and Morgan, 1990). The southern Ba-
sin and Range behaves more typically, and is on av-
erage 1 km lower in elevation, with some isolated
localities below sea level. The complex tectonism
associated with the formatior of the continental
margin, and later subduction-related orogenies cre-
ated many inherited topographic features still resolv-
able in the Basin and Range. The Proterozoic rift
that created the western North American continen-
tal margin left a thick sequence of sedimentary rocks
still present ins the eastern Great Basin (e.g., Stewart
and Poole, 1974). The Devonian to Mississippian
Antler orogeny left an apparent structural division
that bisects the northern Basin and Range province
into two roughly symmetric sub-provinces (e.g.,
Eaton et al., 1978). The Sevier fold and thrust belt
marks the eastern extent of the Great Basin, but is
not observed in the southern Basin and Range.
Laramide deformation appareatly occurred mostly
east of the present-day Basin and Range province,
though Laramide structures may be masked by Ba-
sin and Range extension (e.g., Dickinson and Snyder,
1979).

Pervasive extension-related topographic variation
within the Basin and Range are present at many dif-
ferent scales. The stage of block-fault extension that
began in the middle Miocene left behind a series of
alternating ranges spaced an average 25-35 km apart,
with basins about 10-20 km wide in-between. The
typical length-to-width ratic of the ranges is about
4:Tupto8:1 (Zoback et al., 1981). These basin-range
pairs are most proncunced in the Great Basin, but
similar structural trends are observed in the south-
em Basin and Range as well (Fig. 7-2), with the
pattern extending across much of Mexico. Black
faulted topography overprints the earlier phases of
low-angle faulted, domed uplift of mid-crustal rocks
(metamorphic core complexes; outlined on Figure
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7-1). The eastern Snake River Plain cuts a low to-
pographic swath across the northern Basin and Range
(Figs. 7-1,7-2), and marks the track of the
Yellowstone hotspot (¢.g., Morgan, 1972; Armstrong
et al., 1975, Pierce and Morgan, 1992) (Fig. 7-2).
Surrounding the low topography of the Snake River
Plain is a rugged, actively extending part of the
northern Basin and Range province that may be
strongly influenced by the Yellowstone hotspot {(e.g.,
Anders and Sleep, 1992; Pierce and Morgan, 1992)
(Fig. 7-2). There is a fairly abrupt topograpkhic step
between the elevated northern Basin and Range, and
lower southern Basin and Range that is located in
southern Nevada—approximately between the south-
emn end of the Sierra Nevada and southern Colorado
Plateau {Plate 7-1, Fig. 7-2). Like most rifts, much
of the Basin and Range province is bounded by high-
standing margins, the Sierra Nevada on the west
flank, and the Rocky Mountains and Colerado Pla-
teau on the east flank. Seismicity along the margins
of the Basin and Range indicates that the rift-flanks
may still be rising. The reader is directed to the sum-
mary of Mayer (1986) for more detailed discussion
of Basin and Range topographic variation,

7.3.2. Sedimentary Record — Two Example Basins

Because of the large number and diverse nature
of the basins in the Basin and Range province, the
complete sedimentary history of the Basin and Range
is beyond the scope of this review. Thus I choose
two structurally different, characteristic styles of
basin {0 discuss briefly here; the Spring Valley in
gastern Nevada ("SV” on Figure 7-1)}, which formed
during Oligocene time and is associated with the
formation of the Snake Range metamorphic core
complex, and Dixie Valley in western Nevada (“DV™
on Figure 7-1}, which formed during later stage
middle Miocene high-angle normal faulting. The
following summary of Spring Valley is based cn
studies by Miller et al., {1983), Bartley and Wernicke
(1984), Gans et al., {1985), and McCarthy {1986).
Spring Valley is located within the Mesozoic Sevier
orogenic zone in eastern Nevada, but the Paleozoic
section was locally only mildly deformed prior to
Tertiary extension. Oligocenc normal displacement
on the low-angle Snake Range decollement thinned
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the Paleozoic section, opened the Spring Valley ba-
sin, and elevated Precambrian basement rocks that
now core the Snake Range to the east. A well on the
east side of the valley penetrated about 1650 m of
Tertiary and Quaternary sedimentary rocks overly-
ing 150 m of Paleozoic rocks separated from Pre-
cambrian quartzite by the detachment fault at about
1800 m depth. Either later-stage, higher angle nor-
mal faulting (Miller et al., 1983; Gans et 2., 1983},
or rotation of hanging wall blocks on higher angle
normal faults that sole into a second detachment
beneath the Snake Range decollement (Bartley and
Wemicke, 1984}, caused a deepening of the western
Spring Valley, which coatains 3-4 km of Teriary
and Quaternary sediments above a thicker 2 km se-
quence of Paleozoic rocks.

In contrast, Dixie Valley in western Nevada was
formed during the later stage of extension in the
Great Basin, when higher-angled block-faulting pre-
dominated. The following summary is based on stud-
ies by Speed (1976). Thompsen and Burke (1973),
and Okaya and Thompson (1985). Dixie Valley is
an asymmetric, westward-thickening half graben that
is controlled on its western side by a ~30° dipping
(down to the east) normal fault. Alluvial fan depos-
its shed from the Stillwater Range fill the upper,
western part of the valley, while the rest of the up-
per section is occupied by a 1-km-thick section of
Tertiary lacustrine and playa deposits. Beneath those
deposits lies a 300-m-thick section of Tertiary
volcaniclastic rocks that rests on Mesozoic basement
rocks. Gravity and seismic data show a 3-km total
basin depth. Offsets in 12,000-year-old lake-shore-
line markers constrain about 1 mm/yr of extension
during that time interval, and offsets in an 8-m.y.-
old basalt flow constrain a 0.4 mm/yr average ex-
tension rate during the past 8 m.y, Large normal-
fault earthquakes have occurred as recently as 1954,
and continuous microseismicity indicates that exten-
sion continues in Dixie Valley. Ongoing deforma-
tion has uplifted Tertiary and Quaternary sediments

Fig. 7-2. Topography of western North America (Thelin and
Pike, 1991) showing the distinctive patterns of block faulting
that pervade both the northem znd southern Basin and Range
province. The eastern Snake River Plain can be seen clearly as
z low topographic area in southern Idaho.
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in many places. They preserve a record of the earli-
est interruption of through-going drainage by block-
faulting and formation of basins (Stewart, 1980},

7.3.3. Igneous Activity

Synextensional magmatisin is nearly always ob-
served as a phase of any Basin-and-Range exten-
sional system. The particular manifestation of
magmatism is highly variable across the province:
synextensional plutonism from silicic to mafic com-
positions, dike and sill inirusions of variable com-
positions, rhyolite and basalt flows, ash flow tuffs,
cinder cones, and in some areas, flocd basalts are
seen as eruptive surface features. The exact relational
titning of extensional faulting ard associated
magmatism is highly variable across the Basin and
Range province, and can change with extensional
style, timing, and locality, Taylor et al. {1989) found
in a transect across the eastern Great Basin that only
one of four distinct extensional faulting episodes
correlated exactly with nearby volcanic activity, and
Best and Christiansen (1991) concluded that exten-
sion durirg peak volcanism in the Great Basin was
limited. In contrast, Gans et al. (1989) found cross-
cutting relations in the eastern Great Basin indicat-
ing that voluminous magmatism slightly predated
extension, compared those relations with other parts
of the Basin and Range, and concluded that
magmatism plays an active role in extension. A close
association in space and time between magmatism
and metamorphic core complex development has
been noted (e.g., Coney, 1980; Glazner and Bartley,
1984; Ward, 1991; Axen et al., 1993). Virtually all
examples of low-angle normal faulting within the
Basin and Range province, as well as worldwide,
have some form of lower-plate intrusive magmatism
that can be related to the extensional episode that
caused the faulting (Table 7-1). The ubiquitcus as-
sociation of magmatism with low-angle faulting and
metamorphic core-complex development has led
some authors to suggest a mechanical tie between
the processes (e.g., Lister and Baldwin, 1993; Par-
sons and Thompson, [993). Further discussion on
the mechanics of low-angle normal faulting can be
found in Section 7.5.1.
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Table 7-1

T. Pgrsons

Core Complex

Associated Lower-Plate
Magmatism

Reference

Whipple Mountains- §_ Calif.

Chemehuevi Mountains- 8. Calif.

Homer Mountain-Sacremento
Mountains-S. Calif.

Castle Dome Mountains-S. Calif.

Black Mocuntains - §. Calif.

Eldorado Mountains- S. Calif.

Mopzh Range - S. Calif.

Buckskin-Rawhide Mountains -
Arizona

Santa Catalina-Rincon-Tortolita -
Arizona

South Mountains - Central Arizona

Pinaleno-8anta Teresa Mountains -
Arizona

Harcuvar Mountains - Arizona

Harquahala Mountains - Arizona

Mojave Mountians - W._ Arizona

Newberry-Dead Mountains- 8.
Nevada
Ruby Range - NE Nevada

Snake Range - Nevada

Kettle - Okanogan Domes -E.
Washington

Mykonos, Aegean Sea - Greece

Cyclades Islands, Aegean Sea -
Greece

D¥Entrecasteaux Islands - Papua New
Guinea

Mid-Tertiary dike swarms and mafic
plutons
Mid-Tertiary dike swarms

Mid-Tertiary dike swarms

Mid-Tertiary dike swarms
Miocene mafic dikes and plutons

Tertiary Mafic-silicic dikes and plutons
Cross-cutting Tertiary mafic dikesflow-

angle faults
Tertiary mafic-silicic plutons

Mid-Tertiary granite plutons

Mafic and Silicic Mid-Tertiary dikes
and plutons
Mid-Tertiary silicic dike swarms

Tertiary Pluton
Mid-Tertiary silicic dikes and pluton

Upper plate {7) Mid-Tertiary mafic-
silicic dike swarms
Tertiary Mafic-Silicic dikes

Mid-Tertiary deep siructural granitic
intrusions
Oligocene-Miocene Mafic dikes

Eocene Mafic dike swarms

Miocene dikes - plutons
Coeval magmatism

Granodiorite plutons coeval with low-
angle detachment

{e.g.. Davis et al.,, 1982)

(e.g., John, 1982)
(e.g., Spencer, 1985}

(e.g.. Logan and Hirsch, 1982)
{e.z., Asmerom et al., 1550)
{e.g., Anderson, 1971)

{(e.g., Hazlett, 1990)

{e.g., Bryant and Wooden, 198%)
{e.g., Kieth et al., 1980)

{e.g., Reynclds and Rehrig, 1980)
{e.g., Rehrig and Reynolds, 1980}

{e.g., Rehrig and Reynolds, 1980)
{e.g., Rehrig and Reynolds, 1980)
{e.g., Nakata, 1982)

{e.g., Simpson in prep.)
{e.g., Wickham et al., 1993)

{e.g., Lee et al., 1987)
{e.g.. Holder et al., 1990}

(Lee and Lister, 1992)
(Lister et al., 1984}

(Hill et al., 1992)

Table 7-1. Compilation of metamorphic core complexes and observed mode and best timing constraints of magmatism
in relation to low-angie faulting. Virtually all core complexes have some form of lower-plate intrusive magmatism

associated with them.

Because of the huge volume of magmatic activ-
ity across the Basin and Range province, I focus here
on the broad space-time patterns of magmatic activ-
ity that have swept across the province during Ter-
tiary time. The following discussion is based prima-
rily on reviews and studies by Coney and Reynolds

(1977), Burke and McKee (1979), Lipman (1980),
Zaoback et al. (1981), Gans et al. (1989), Armsirong
and Ward {1991), Heary and Aranda-Gomez (1992),
Jones et al. (1992), and Axen et al. {1993). At the
beginning of Tertiary time, magmatism occurred
north and south of what is called the Laramide gap
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(Fig. 7-3a), an interruption in arc-related magmatism
that extended from the middle of Nevada and Utah
to the United States-Mexico border, and initiated at
abeut 80 Ma. This gap is thought to relate to low-
angle subduction of the Farallon slab, which may
have cooled the asthenospheric wedge where melt
was generated (e.g., Dumitru et al., 1991), and mi-
nor volcanism was shifted eastward into the Rocky
Mountains. The beginning of Tertiary time was also
associated with the culmination in a decline of mag-
matic activity that began at 80 Ma. From 65 to 60
Ma, a rapid increase in activity swept through the
region north of the Laramide gap, and the beginnings
of Eocene extension in southwest Canada and the
northwest United States brought increased
magmatism between 60 and 55 Ma.

During Eocene time, a gradual southern sweep of
extension-related magmatism worked its way from
Idaho and Montana south into northern Nevada and
Utah. These melts were typically of andesitic and
rhyolitic compositions, and probably resulted from
heavy contamination of mantle-derived basalts,
South of the Laramide magmatic gap in Mexico, the
volcanism that occurred during Eocene time was
probably subduction-related. By late Eocene and
early Oligocene time, a strong shift in extensional
magmatic activity to the southern Great Basin oc-
curred, centered in Nevada and Utah, and is referred
to as the Great Basin ignimbrite flare-up (Fig. 7~
3a). The Laramide gap persisted through Oligocene
time, separating an episode of magmatism that swept
westward across southeast California and southern
Arizona. Independent centers of activity in south-
ern Colorado and eastern Arizona were joined by
magmatism associated with the opening of the Rio
Grande rift (Fig. 7-3a).

The late Oligocene and early Miocene brought a
northward sweep of core complex extension and
magmatism from Mexico into the Colorado River
extensional corridor, and a closing of the Laramide
magmatic gap. The joining of the Nevada and Ari-
zona magmatic centers was associated with a change
from primarily intermediate composition melts into
a primarily bimodal system predominated by basal-
tic eruptions. By middle Miocene time, basaltic vol-
canism dominated most of the active Basin and
Range province from Mexico to northern Nevada.
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A westward shift in magmatic activity, correlated
with incipient extension in the western Great Basin,
occurred at this time, and a northeastward shift from
southern Arizona across the southwest Colorado Pla-
teay margin was also associated with the onset of
extension there (Fig. 7-3b). During this period,
magmatism appears to have moved into stable areas
just prior to the onset of extensional faulting. The
Yellowstone hotspot broke through in northern Ne-
vada during middle Miocene time {~17-16 Ma), and
created a series of northeast-younging caldera sys-
tems as the North American plate tracked over the
plume. Extensive flood basalts followed the earlier
stages of caldera formation; these basalts continue
to erupt across much of the plume track (eastern
Snake River plain, Idaho). Formation of the north-
ern Nevadarift, a 500-km-long magmatic feature that
extends south from eastern Oregon to southern Ne-
vada, is thought to have resulted from dike injection
from the Yellowstone plume (Zoback and Thomp-
son, 1978); and it is possible that the Columbia Pla-
teau flood basalt province is related to the
Yellowstone plume as well. The extent to which the
Yellowstone plume has affected the extensional
magmatic patterns in the Basin and Range province
(if at all) remains controversial, and will be further
addressed in later sections. Magmatic activity from
late Miocene time ta the present has migrated away
from the regions of strongest middle Miocene activ-
ity in central Nevada and southern Arizona, and has
concentrated at the outer margins of the Basin and
Range province (Fig. 7-3c).

7.3.4 Xenolith Studies

Xenoliths are found in the northern Basin and
Range province in the eastern Snake River Plain in
I1daho, and in the Great Basin at one locality in cen-
tral Nevada. In the southern Basin and Range xeno-
liths are more abundant; localities include Mexico,
sonthern California, and southern Arizona. On the
eastern Snake River Plain, Archean lower-crustal
xenoliths were brought to the surface by Quaternary
basalts, possibly indicating that Archean crust un-
derlies that region (Leeman et al., 1983). Menzies,
in a2 1989 study that includes xenoliths from central
Nevada divides the western United States into mantle
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Western Cordillera Magmatism 0-40 Ma
25-40 Ma

Fig. 7-3. Space-time patiems of
magmalic activity in the western United
States since Eocene time (after Armstrong

“ and Ward, 1991). The darkest areas
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domains based on seismic tomography, heat flow,
and xenolith thermobarometry, He places the Basin
and Range province within an cceanic mantle do-
main, because of similarities of xenolith {sotope-sig-
nature to mid-ocean and ccean-island basalts. Up-
per mantle and lower crustal xenoliths are found in
southern California and southern Arizona in Tertiary
volcanic rocks, The upper mantle xenoliths are
lherzolites and harzburgites, and commonly show
evidence for brittle deformation related to multiple
stages of intrusive events in the upper mantle and
also ductile deformation possibly related to tectonic
extension (Wilshire, 1990; Wilshire et al., 1991).
Composite xenoliths containing two or more rock
types indicate that the crust-mantle boundary is very
likely interlayered and has evolved through multiple
stages of magmatic intrusion (Wilshire et al., 1991).
Lower-crustal xenoliths are also found in southern
California and Arizona and consist of mafic and ul-
tramafic gabbros and microgabbros of intrusive ori-
gin, indicating that magmatic intrusion has also
shaped the lower crust in the region as well as the
upper mantle {Wilshire, 1990; McGuire, 1992).
Studies of xenoliths found in Mexico consistently
report high-temperature granulite facies rocks from
the lower crust and upper mantle beneath northern
and ceniral Mexico (Nimz et al., 1986; Ruiz et al.,
[988; Hayob, et al., 1989; Roberts and Ruiz, 1989;
Rudnick and Cameron, 1991). Upper mantle xeno-
liths are primarily spinel-lherzolites, and lower-
crustal xenoliths are primarily granulites and banded
gneisses. All the xenoliths are thought to originate
from very near the crust-mantle boundary. Very high
metamorphic temperatures up to 950-1100 °C
(Hayob et al., 1989) are reported, and highly vari-
able ages suggest that this metamorphism has oc-
curred in many stages from 1.1 Gato as voung as !
Ma in northern Mexico (Rudnick and Cameron,
1991}, and includes a post-Oligocene stage in cen-
tral Mexico (Hayob et al., 1989). The high-grade
metamorphism in the xencliths from Mexico is sug-
gested to be the result of a regional basaltic
underplating event that took place sometime after
30 Ma (Hayob et al., 1989}, However, Torgersen
(1993) finds that low "He/'He ratios, while indicat-
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ing the presence of some mantle-derived magmas,
are in general too low for massive underplating to
have occurred.

7.3.5 Isotope Geochemistry, Major and Trace Ele-
ment Studies

The great abundance of igneous rock generated
during Basin and Range extension has led to exten-
sive study of the chemistry and composition of these
igneous rocks and inclusions. The isotope and
geochemical characteristics of mantle-derived melts
can reveal clues about the mantle and crustal ¢ol-
umns through which they intrude, Variable lithos-
pheric-mantle ages and compositions can be deduced
from isotope ratios in neodymium, strontium, and
lead. The origins of basalts from different regions
within the Basin and Range province vary from
asthenospheric sources with minor lithospheric con-
tamination, to those that include significant compo-
nents of melted lower crust and/or lithospheric
mantle. Glazner and Farmer (1991) point out that
subtle crustal contamination by mafic crust ¢an be
mistaken for subcontinental mantle-source variabil-
ity in some instances. However, there is good agree-
ment in the broad isotopic patterns observed across
the Basin and Range province and margins, which
can be gleaned from the variety of studies of exten-
sion-related igneous rocks from the Basin and Range
province presented below.

Many researchers have noted extreme variability
in the western United States subcontinental mantle
based on strontium and necdymium isotope varia-
tion. Menzies et al. {1983) suggested that melts from
the Basin and Range province tapped a source simi-
lar to mid-oceanic ridge basalts, while meits from
the Snake River Plain, and Sierra Nevada refained
the primary isotopic characteristics of the underly-
ing mantle lithosphere. Lum et al. (1989) tested pos-
sible contamination modes against the observations
that Snake River Plain magmas have apparent litho-
spheric sources while central Nevada magmas ap-
pear 1o have asthenospheric sources against possible
contamination modes; they concluded that contami-
ration cannot account for the variations and that
upwelling asthenosphere beneath the highly ex-
tended Great Basin causes the observed differences.
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Leeman and Harry (1993) proposed two stages of
magmatism in the Great Basin; the first, from 40-5
Ma involved melting of Precambrian-aged mafic
veins and pods within the mantle lithosphere, and
the second (since 5 Ma) invoived melting of up-
welling asthenosphere. Fitton et al. (1988) also sug-
gested an asthenospheric scurce for late Cenozoic
Basin and Range basalts, and further note a bilateral
symmeiry in basalt chemistry from the Great Basin
that mirrors the topographic and gravity signatures
pointed out by Eaton et al. (1978). They alse noted
increases in [ithospheric-mantle involvement in
basalts erupted around the outer margins of the Ba-
sin and Range. Regional lower-crustal cooling of
about 300 °C from early Oligocene to early Miocene
time was concluded to have caused reduced crustal
contribution to rhyolite eruptions as inferred from
neodymium isotope data (Perry et al., 1993).
Liviccari and Perry (1993} contoured zones of
necdymium-depleted mantle mode! ages in the west-
ern United States, and observed that much of the Pre-
cambrian mantle lithosphere beneath the northern
Basin and Range province has been preserved, al-
though the dominance of asthenospheric sourced
Late Cenozoic basalts in the southern Basin and
Range caused them to suggest lithospheric removal
there. Ormerod et al. (1988) located a roughly north-
south oriented lithospheric boundary associated with
strong variation in strontium and neodymium ratios
in the western Great Basin, near the Sierra Nevada.
They alsce found a second, northward-younging
asthenospheric-source comporent that can be cor-
related with the trailing edge of the subducted Juan
de Fuca plate. Farmer et al. (1989) analyzed isotope
ratios in post-10-Ma basalts, and located a bound-
ary in southern Nevada that separates
asthenospheric-source basalts in central Nevada from
lithospheric-source basalts in southern Nevada. They
suggest that the Laramide magmatic gap may have
preserved the mantle lithosphere in southern Nevada,
as did Liviccari and Perry (1993). Temporal isotope
and bulk chemistry variations were used to constrain
the depth of magma generation in the same part of
southern Nevada, and 50% tess thinning of the
mantle lithosphere than would be predicted from sur-
face extension was inferred there (Daley and De
Paolo, 1992), Further south, the southern Cordiiiera
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basaltic andesite province erupted across northern
Mexico and southern Arizona from aboat 32 to 17
Ma and has a typical arc-iike trace element signa-
ture; stratigraphic analysis indicates these rocks were
emplaced ir an extensional environment, perhaps
constraining initial extension in Mexico to a back-
or intra-arc setting (Cameron et al., 1989},

At about [6-17 Ma the Yeliowstone plume
emerged, and accompanying basaltic volcanism be-
gan to dominate in the northern Basin and Range.
Interpretations of Neogene Cordilleran basalt com-
positions vary as to whether or not they are consis-
tent with a mantle plume source; some workers have
suggested that they are (e.g.. Fitton et al., 1991;
Menzies et al., 1991), whereas others have found that
isotopic signatures in places are more closely related
to the underlying lithosphere (e.g., Lum et al., 1989;
Lipman and Glazner, 1991; Bradshaw et al., 1993).
A mantle plume acts more as a source of volumi-
nous hot material than as a point source of heat {e.g.,
Slecp, 1990}, and it is likely that conducted heat
applied broadly to the lithosphere by a plume head
would cause some melting of the existing mantle
lithosphere as well as supply more primitive melts
directly from the asthenosphere.

7.4. Geophysical Observations
74.1. Seismicity

The Basin and Range province is a seismically
active region (Fig. 7-4). Nearly as many historical
earthquakes greater than magnitude 7 have occurred
in the Basin and Range as have along the San
Andreas Fault system (e.g., Ryall et al., 1966; Th-
ompson and Burke, 1974). The 1983 M, 7.3 Borah
Peak earthquake that struck just north of the eastern
Snake River Plain in Idaho serves as a reminder that
the Basin and Range continues to pose a consider-
able seismic hazard. The following summary of Ba-
sin and Range seismicity is based on studies by Th-
ompson and Burke (1974}, Smith (1978), Smith and
Lindh (1978), Stickney and Bartholomew {1987),
Dewey et al. {1989), Smith et al. {1989), and
Pezzopane and Weldonr (1993), Seismicity in the
Basin and Range tends to occur as episodic swarms
or clusters of events that strike previously quiescent
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{events > M 3.5) since 1700 {after Dewey et al.,
1689). (b) The patterns of extensional and
oblique seismic strain discussed in the text are 36
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to illustrate the apparent parabolic distribution of
seismicity around the eastern Snake River Plain, 33
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areas, which after some period of activity, return to
quiescence. Much like the most recent patterns of
magmatism, seismicity in the Basin and Range is
most active along its margins (Fig. 7-4}. As would
be expected in an extensional province, fault-plane
solutions show that normal-fault slip dominates,
though many oblique and pure strike-slip earth-
quakes are observed as well. The maximum observed
focal depth of earthquakes in the Basin and Range
province is about 15 ki, although the majority of
quakes are shallower. The depth to the brittle-duc-
tile transition is inferred to be at 15 km based on
this observation (e.g., Sibson, 1982).

Apart from the widespread, scattered seismicity
that occurs across the entire Basin and Range prov-
ince, there are two broad zones of increased activity
along the eastern and western margins of the north-
ern part of the province (Fig. 7-4). Aloag the east-
ern margin, the Intermountain seismic belt extends
through Utah, eastern Idaho, and western Montana,
In southern Utah and Arizona the Intermountain seis-
mic belt is located along the edges and outer mar-
gins of the Colorado Plateau. Generally low-level
seismicity tends to cluster along the boundaries of
the stable Colerade Plateau crustal block, perhaps
an indication that its margins are collapsing in ex-
tension. To the north, the rising Wasatch Front (Fig.
7-4) marks the boundary between the Basin and
Range province and the more stable Rocky Moun-
tains, and has created a zone of active north-south
striking subparallel faults. North of the Wasatch
Front, the Yellowstone caldera is a center of shat-
low seismic activity related to the ascent and em-
placement of magma in the crust. An apparent para-
bolic distribution of seismicity distributed around
the eastern Snake River Plain in Idaho (e.g., Anders
et al., 1989} includes the 1983 Borah Peak earth-
quake and aftershocks. The interior of the eastern
Snake River Plain is virtually aseismic {(e.g., Jack-
son et al., 1993), and it is thought that magmatic
strain accommodation of some form may prevent
large earthquakes from occurring there {e.g., Par-
sons and Thompson, 1991; Anders and Sleep, 1952).
North of the eastern Snake River Plain, a diffuse zone
of intermittent seismicity trends northwest across
western Montana, and is associated with a shear zone
krown as the Lewis and Clark line.
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A second zone of seismicity is found along the
western boundary of the Basin and Range province.
This zone is interrelated to the transform domain
along coastal California and Basin and Range ex-
tension; oblique slip, transtensional deformation, and
extensional transform faulting are commonly mixed
with normal faulting along this zone. In the scuth-
ernmost Basin and Range, seismicity is concentrated
along the spreading system in the Gulf of Califor-
nia. Further 1o the north this seismic belt branches
away from the southern end of the San Andreas Fault
zone, and crosses southeastern California inte Death
Valley (Fig. 7-4). The central Nevada seismic belt,
consisting primarily of extensional earthquakes,
branches northeast away from this zone, and includes
recent large earthquakes such as the 1954 M 7.1
Fairview Peak earthquake. The Walker Lane, a com-
plex zone of primarily right-lateral slip, continues
in a northwesterly trend along the Sierra Nevada-
Basin and Range boundary. Obligue rifting contin-
ues along this trend into eastern and central Oregon.

7.4.2 The State of Stress

The state of stress in the Basin and Range prov-
ince has been determined from earthquake focal
mechanisms, hydraulic fracture experiments, recent
fault slip indicators, young volcanic alignments, and
borehole deformation studies. Some indicators, such
as dated volcanic rocks, allow determinations at par-
ticular times in the past and focal mechanisms pro-
vide information at hypocentral depths. Not surpris-
ingly, the dominant stress state is extensional, with
the greatest principal stress oriented near-vertical,
the [east principal stress oriented broadly east-west,
and the intermediate stress oriented broadly north-
south (Fig. 7-3). Below, variations and features of
the Basin and Range stress field are summarized af-
ter studies by Thompson and Zoback (1978), Zoback
and Zoback (1980}, Zcoback (1989), Zoback and
Zoback (1989), Mount and Suppe {1992}, and Suter
et al. (1892). Stress-directions discussed below will
be the horizontal component of the least horizonial
stress, which is essentially parallel to the extensional
strain direction.
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Fig. 7-5. Directions of the greatest horizontal stress in the Basin and Range province and Colorado Plateau {after Zoback and
Zoback, 1989). The approximate direction of extensional strain is perpendicular to the greatest horizontal stress. The stress
directions are variable across the province, changing from west to east. Further discussion can be found in the text.

Stress measurements are sparse in the southern
Basin and Range. In central Mexico and along the
spreading ridge in the Gulf of California, the least
principal stress direction is generally aligned in a
northwesterly direction. Along the southern and
western edges of the Coloradoe Plateau, the least-
stress directions are aligned radially away from the
center of the plateau, a further suggestion that the
platean margin is collapsing gravitationally. The
western flank of the Colorado Plateau in Utah shows
a northwesterly orientation in the least principal
stress (Fig. 7-5), which is parallel to the stresses in
the eastern Great Basin, a possible indication of
Basin and Range extension encroaching into the pla-
teau. To the north, the margins of the Great Basin

show approximately east-west least principal stress
directions, whereas the interior of the Great Basin,
in the Nevada seismic belt, the least principal stress
direction is oriented more northwesterly, North of
the Wasatch Front, the least principal stress direc-
tion changes again and is oriented mose towards the
southwest in the region around the eastern Snake
River Plain, perhaps as a result of uplift by the
Yellowstone plume (e.g., Pierce and Morgan, 1992),
In general the variations in stress orientations across
the Basin and Range are not well explained, but prob-
ably result from variations in crustal rheology and
forces applied from outside the domain,
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Table 7-2
Strain Rate 1l/s | Time Interval Basis Location Reference
JR0E-I6 present Ylate motions and space Northern Basin and Kange: 123
(Llem/B00kmyyr.) Geodesy Colorado Platean to Sierra Nevada
150E-16 histoncal Summation of setsmic Northern Basin and Range 45
{1om/800kmfyr} earthquakes rorents
6.308-16 10 Ma +/- 4 my Tateral ang vertical olisels North-central Nevada [N
{10.7krm/52km/10Ma} of northem Nevada rift
JBOE-16 Holocene Difsets of 12 Ka lake shoreline,; Dixie Valley, nothem Nevada 3
{10m/30km/12Ka) 30 km between ridge crests
4.10L-18 8 Ma Oltsel of 5 Ma Dasalt; Dixie Vatley, northem Nevada 9
(3km/30km/8Ma) 30 km between ridge crests
290E-10 Two offsets of 15 Ra aluvial dite of 1983 Borah Peak garth- 10
{4m/27Tkm/15Kza) 15 Ka surface by Lost River fault; quake N of E. Spake River Plain
27 km between ridge crests {Thousand Springs segment)
820E-16 ' Mz (age of Dip of faults taken to be 30 degs. | 1 nree tiI-block ranges N. of E. 301
{~14km/80km/IMa) | calderas longitude and strata 15 degs. Three tilt Snake Riv. Plain {Lost River,
Lost Riv, Fault) blocks spanning 80 km. Lembi, and Be?serhead Ranges,
1 O0E-16 10 17 0E-16 16 Ma Migration rate of rhyolitic Track of hotspot f)rom emergence 12
{21-34mm/600km/fyr) volcanism less plate motion rate point to Yellowstone, NV and [D

Table 7-2. Northern Basin and Range extensional styain rates from Miocene time to present as derived from a variety of
methods. Opening has slowed by about 50% since middle and late Miocene time, References: 1. De Mets et al. {1590),
2. Minster and Jerdon (1987), 3. Beroza et al. (1985), 4. Eddington et al. (1987), 5. R. B. Smith et al. (1989), 6.
Zoback {1978), 7. Zoback {1979), 8. Thompson and Burke {1973}, 9. Okaya and Thompson (1983}, 10. Scott et al.

{1985), 11. Thompson (1960}, 12. Rodgers et al. {1550).

7.4.3 Strain Rate from Geodetic and Other Obser-
vations

The present and historical extensional strain rate
in the Basin and Range province has been determined
from a variety of methods including the tracking of
geological markers, space geodesy, and summation
of earthquake moments (Table 7-2). The most re-
cent {middle Miocene to present) strain rates are best
constrained in the northern Basin and Range and con-
verge 1o an average 6 x 107° s strain rate over the
entire imterval. The present-day rate of about 3.8 x 10
'8 57! is slower than the historical average {e.g.,
Beroza et al., [985; Minster and Jordon, 1987, Smith
et al., 1989; DeMets et al., 1990). Extensicnal strain
in the Basin and Range has to be considered when

reconciling the difference between complete relative
Pacific-North American plate motion and San
Andreas Fault motion. Argus and Gordon {1991)
compared very long baseline interferometry (VLBI)
data for motions of sub-elements within the western
Cordillera with the NUVEL-1 model (DeMets et al.,
1990} for Pacific-North American motion. They
found that the San Andreas fault motion differs from
ideal Pacific-North American relative plate motion
and that Basin and Range extension, westward drift
of the Sierra Nevada block, and to a lesser extent,
compression across the San Andreas fault absorbs
the difference, Clark et al. (1987} determined from
VLRI data that Basin and Range extension accounts
for 9-10 mm/yr of Pacific-North American plate di-
vergence,
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7.4.4. Crustal and Upper-Mantle Structure from
Seismic Observations

7.4.4.1. Seismic Reflection Profiling in the Basin and
Range Province

Deep, whole-crustal seismic reflection data have
been collected in the Basin and Range (Fig. 7-6)
province along an east-west transect across Nevada
at about the latitude 40°N (e.g., Klemperer et al.,
1986; AHmendinger et al., 1987; Jarchow et al.,
1993), in the Mojave Desert of southern California
(e.g., Cheadle et al., 1986), in Death Valley, Cali-
fornia {de Voogd et al., 1986; Serpa et al., 1988;
Brocher et al., 1993), across the Whipple Mountain
metamorphic core complex in southern Catifornia
(e.g., Flueh and Okaya, 1989}, in Dixie Valley, Ne-
vada {Ckaya, 1986), and across the southern Basin
and Range and Colorado Plateau transition in south-
em Arizona {¢.g., Hauser et al., 1987; Goodwin and
McCarthy, 1990; Howie et al., 1991). Vertical-inci-
dence deep-crustal seismic data from the Basin and
Range province tend to show such general features
as upper-crustal Cenozoic extensional structures that
overprint Precambrian, Paleozoic, and Mesozoic
structures, all overlying a highly reflective laminated
lower crust. Often, upper-crustal reflectivity is ab-
sent, and the crust is transparent until the lower-
crustal zone of reflectivity is reached (Fig. 7-7). The
Moho is typically a bright, high-amplitude series of
reflections and/or an abrupt termination of
reflectivity and tends to be relatively flat despite the
presence of strongly varying topography and surface
extension above it

In the northern Basin and Range, the 40° N Con-
sortium for Continental Reflection Profiling
{COCORP) transect showed that the reflective tex-
tures changed from diffuse dipping reflections within
the province margins in California and Utah into a
strong, sub-horizontal pattern of reflectivity in the
extended crust of Nevada (e.g., Allmendinger et al.,
1987). Similar changes in reflectivity patterns from
unextended into extended crust are noted elsewhere,
and it is thus thought that the laminated lower-crustal
reflectors are generated during the extension pro-
cess (e.g., McCarthy and Thompson, 1983). Because
of the remarkable continuity in reflection character
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in the Moho across the northern Basin and Range,
and the lack of a correlation of Moho structure with
upper-crustal tectonic features along the transect, the
Mohe boundary is thought to be young and to have
gvolved during Cenozoic extension (Klemperer et
al., 1986). Near-vertical incidence data were col-
lected near the COCORP 40° N transect in 1986 as
part of the Nevada Program for Array Seismic Stud-
ies of the Continental Lithosphere (PASSCAL) ex-
periment, and an extraordinarily bright, high ampli-
tede Moho reflection was observed beneath Buena
Vista Valley in northwestern Nevada, Carbonell and
Smithson (1991) suggested that the high-amplitude
Moho transition might result from interlayered melt
zones, and Jarchow et al. (1993} constrain the event
to be a single molten sill no greater than 200 m thick.
Extended correlation of industry reflection profiles
from Dixie Valley in the northern Basin and Range
also shows a reflective lower crust and a layered,
transitional Moho boundary {Okaya, 1986). Deep
reflection profiles from the central Basin and Range
in Death Valley show a bright, mid-crustal reflec-
tien that is similar to the mid-crustal melt body be-
neath the Rio Grande rift (see Chapter 6); this re-
flector is also interpreted as a melt body (de Voogd
et al., 1986). However, bright reflections from the
lower crust in the nearby Amargosa Desert in south-
ern Nevada are interpreted as shear zones rather than
as melt bodies (Brocher et al., 1993).

Deep-crustal reflection data were collected in the
California Mojave Desert in the southern Basin and
Range province in 1982 by COCORP, These data
have a similar texture to the profiles collected at the
Basin and Range margins along the 40° N COCORP
fransect in that they seem to show many preserved
pre-Tertiary structures, though the possibility exists
that more recent, deep low-angle normal faults were
imaged (Cheadle et al., 1986), Further east, deep-
crustal data were collected over the Whipple Moun-
tain metamorphic core complex near the Colorado
River in southeastern California. These data show
ample mid-crustaj reflectivity that is interpreted as
mylonitized lower-plate rocks bereath the Whipple
Mountain detachment fault extending to depth (Flueh
and Okaya, 1989), In 1986 COCORP collected ver-
tical-incidence data along a northeast-directed
transect that extended from the Colorado River into
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Seismic profiles in the Basin and Range province
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Fig. 7-6. Locations of vertical-incidence and long-offset seismic profiles in the Basin and Range province. Selid black lines are
vertical-incidence reflection profiles, while gray lines are long-offset refraction profiles.

the Colorado Plateau of Arizona {(Hauser et al.,
1987). This transect crossed a variety of extensional
provinces from the block-faulted southern Basin and
Range, through the Buckskin-Rawhide metamorphic
core complex, into the mildly extended Colorado
Plateau transition zone (Fig. 7-8). The sections from
the southern Basin and Range are similar in appeatr-
ance to those from the northern Basin and Range in
that bright mid-crustal reflectivity is observed above
a flat-lying, high amplitude Moho reflection (Hauser
et al., 1987), Beneath the Buckskin-Rawhide meta-
morphic core complex, the mid-crustal reflectivity
is fine-scaled and appears disrupted by the exten-
sion process {McCarthy and Parsons, 1994). The
Colorade Plateau transition zone is actively extend-
ing, although the exiension is of small magnitude
compared with most of the southern Basin and

Range. Vertical-incidence data collected in this re-
gion by COCORP (Hauser et al., 1987) and Stanford
University (Goodwin and McCarthy, 1990; Howie
et al., 1991) show preserved intrusive structures of
possible Precambrian age in the upper crusi, but the
middle and Iower crust show evidence of recent ex-
tensional reworking (Goodwin and McCarthy, 1990;
Howie et al., 1991}, including a mid-crustal magma
body {(Parsons et al., 1992a). The reader is directed
to Smithson and Johnson (1989) for a more detailed
discussion of vertical-incidence studies in the west-
ern Cordillera; this discussion also describes numer-
ous shaflow to mid-crustal reflection profiles col-
lected in the Basin and Range province that are not
discussed here. Also, Mooney and Meissner (1992)
compare vertical incidence studies from a variety of
extensional provinces worldwide.
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Fig. 7-8. Velocity model from a seismic refraction study in the southern Basin and Range that crossed “typical” Basin and Range crust as well as a metamorphic
core complex (McCarthy et al., 1991) combined with line drawings of the COCORP Arizona seismic reflection profiles (after Hauser et al., 1987). Example data
windows are shown below of the actual vertical incidence stacks. The southern Basin and range lower crust is highly reflective and is similar to the textures
observed in the northern Basin and Range (Fig. 7-7). A thick welt of slow (6.35 km/s) lower crustal material underlies the Buckskin-Rawhide core complex, and
reflection data from this area appears choppier and more disrupted than from beneath the typical Basin and Range or Colorado Plateau transition. Up to 4 km of
mafic rock could have been added to the lower crust beneath the core complex if it was distributed in thin sheets (McCarthy and Parsons, 1994).
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7.4.4.2 Seismic Refraction Studies: The Crustal Ve-
locity Structure of the Basin and Range

Crustal seismic refraction studies in the Basin and
Range province have been carried out along very
similar transects to the seismic reflection profiles
discussed above. Regional refraction profiles that
cross Nevada east-west at 39° N, and north-south at
about 116° W were carried out in the early 1960’s
and were reinterpreted by Prodehl (1979). These ex-
periments had large station spacings, and did not
provide much detail within the crust, but they were
successful in determining the whole-crustal thick-
ness. The wide-angle component of the 1986 Ne-
vada PASSCAL experiment provides more crustal
detail in northern Nevada (e.g., Catchings and
Mooney, 1989; Benz et al., 1990; Holbrook, 1990}.
In the southern Basin and Range province, refrac-
tion studies were carried out above the Whipple
Mountain metamorphic core complex in southeast
California (Wilson et al., 1991), in central Arizona
from the scuthern Basin and Range across the Colo-
rado Plateau transition (Warren, 1969) and nearly
coincident with the COCORP Arizona reflection pro-
files, northeast from the Colorado River into the
Colorado Plateau (McCarthy et al., 1991),

There is some difference in the interpretations of
the Nevada PASSCAL data (Catchings and Mooney,
1989; Holbrook, 1990; Benz et al., 1990), but the
broad features are similar; the northern Basin and
Range crust is thin, about 30 km thick, and does not
vary more than 1-3 km along the profiles. A high
velocity layer of varying extent was detected near
the base of the crust in all interpretations, and mag-
matic underplating was seggested as the origin of
those high-velocity rocks. Mid-crustal velocities
were reported in the 6.0-6.2 km/s range, and have
been suggested to be of granitic to granodioritic com-
position. Low velocity zones (~5.5 km/s) were found
in the upper 10 km of crust, and were suggested to
be fractured crust (Catchings, 1992) or silicic intru-
sions, underthrusted sediments, or high temperature
zones {Holbrook, 1990). Reinterpretation of the early
refraction data collected in the northern Basin and
Range (Prodehl, 1979) ties well with the more re-
cent profiles in terms of crustal thickness.
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A fascinating result of wide-angle seismic profil-
ing in the southern Basin and Range has been the
crustal thickness determinations of the Whipple
Mountain and Buckskin-Rawhide metamorphic core
complexes in southeastern California (McCarthy et
al., 1991; Wilson et al., 1991). Beneath the areas of
the locally greatest extension, the crust maintains
its thickness. A 10 to 15-km-thick welt of 6.35 km/s
crust was identified on two crossing profiles just
above a thin higher velocity (6.6 km/s) lower-crustal
layer (Fig. 7-8). In addition, The upper-crustal low-
velocity layer is thinner beneath the core complexes
because mid-crustal rocks were exhumed on low-
angle normal faults. The refraction studies of the
Whipple Mountain and Buckskin-Rawhide metamor-
phic core compiexes were the beginnings of the 1.S.
Geological Survey (USGS) Pacific to Arizona
Crustal Experiment (PACE), The PACE profiles ex-
tend north of the core complexes across the Colo-
rado Plateau transition zone, where the crust gradu-
ally thickens to a maximum of 39 km (Fig. 7-8).
The zone of 6.35 km/s crust that was present be-
neath the core complexes is absent beneath the more
weakly extended Colorado Plateau transition zone.
A similar increasing crustal thickness across the
Celorado Plateau transition zone was observed by
Warren {1969} on a profile collected further to the
east of the PACE iransect. Braile et al. (1989),
Mooney and Braile (1989), and Pakiser {1989) pro-
vide further discussion on the crustal velocity struc-
ture of the western United States. A discussion of
the regional implications of crustal-structure varia-
tion can be found in Section 7.5.2.

7.4.4.3 Upper-Mantie—Velocity Structure from
Earthquake-Source Studies

The upper mantle beneath the Basin and Range
has been studied using a variety of techniques ap-
plied to long and intermediate period seismograms
recorded by local, regional, and teleseismic earth-
quake and large explosive sources, Depending on
the source range, receiver density, and phases ana-
lyzed, either an averaged one-dimensional velocity
profile, or two- and three-dimensionat variations in
velocity structure are prodoced. A general result from
studies of the Basin and Range province is an aver-
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Fig. 7-9. Selected cne-dimensional velocity depth profiles
of the upper 400 km of the Basin and Range province. A
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age lower velocity upper mantle as compared with
the interior continental craton, including a low ve-
locity zone at or near the top of the upper mantle,
The causes of these observations may include a thin-
ner high velocity mantle lithosphere and a hotter,
lower velocity asthenosphere than the continental
interior. Variability in mantle structure within the
Basin and Range province can be generalized to in-
clude the identification of the subducting Juan de
Fuca slab beneath the northern part of the province
and a low velocity asthenosphere connected with the
Yellowstone hotspot. Teleseismic shear-wave arriv-
als in the Basin and Range often show significant
splitting between the transverse and radial shear
components, which may be the result of tectonic de-
formation in the mantle lithosphere and upper as-
thenosphere; thus splitting directions can help in the
interpretation of mantle extensional dynamics.

Cne-dimensional Q or velocity-depth profiles for
the Basin and Range crust and upper mantle gener-
ated from body and surface waves have been reported
by Archambeau et al. (1969), Helmberger and Engen
{1974}, Burdick and Helmberger {1978), Priestly and
Brune {(1978), Olsen et al., (1980}, Olsen and Braile
(1981), Olsen et al,, (1983}, Walck (1984), Gomberg
et al, (1989), and Al-Khatib and Mitchell (1991). The
velocity profiles generally show about an 80-km-
thick Basin and Range lithosphere overlying a thin
low velocity zone, followed by a linear velocity in-
crease with depth (Fig. 7-9). Upper mantle Q val-
ues tend to be lowest in the western Basin and Range,
where the most recent magmatic and tectonic activ-
ity has occurred. One-dimensional shear-wave ve-
locity models are also sensitive to recent volcanic
activity, with the slowest low velocity zones recorded
on the volcanic plateaus.

Two- and three-dimensional images of portions
of the Basin and Range upper mantle have been cre-
ated through tomographic inversion of direct mantie
arrivals from regional sources {e.g., Hearn et al.,
1991; Beghout et al., 1993), and inversion of
teleseismic residuals {e.g., Koizumi et al., 1973;
Solomon and Butler, 1974; Iyer ef al., 1977;
Romanowiscz, 1979; Dueker and Humphreys, 1990;
Biasi and Humphreys, 1992; Humphreys and Dueker,
1994}. Tomographic studies show that the mantle Iid
beneath the Basin and Range is lower in velocity (<
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7.9 km/s} than its margins (> 7.9 km/s). The mantie
lid beneath the eastern Snake River Plain (track of
the Yeilowstone hotspot} is especially slow (< 7.6-
7.8 kmy/s), presumably because of thermal softening
of the upper mantle (Hearn et al., 1991). However,
P, velocities determined from controlled-source seis-
mic studies tend to find faster velocities in the up-
permost mantle at 8.0 km/s in the Basin and Range
{e.g., Catchings and Mooney, 1989; Holbrook, 1990;
McCarthy et al., 1991). This discrepancy may result
from a shallower sampling by the controlled scurces
than from ecarthquake sources. Teleseismic residu-
als indicate a high velocity body deep beneath the
northern and western Basin and Range province that
is inferred to be the subducting Juan de Fuca plate
or remnants of the Farallon slab {e.g., Koizumi et
al., 1973; Solomon and Butler, 1974; Iyer et al.,
1977 Romanowiscz, 1979; Biasi and Humphreys,
1992). The shallower velocity structure {< 250 km
depth) identified through inversion of P-wave residu-
als shows northeast-trending low velocity zones be-
neath the eastern Snake River Plain and the St.
George volcanic trend {chain of recent basaltic erup-
tions that crosses southern Nevada and Utah; Fig.
7-3c); the intervening zones of higher velocity up-
per mantle bereath central Nevada correspond to
areas where magmatic activity peaked during Mi-
ocene time (Ducker and Humphreys, 1990; Biasi and
Humphreys, 1992; Humphreys and Dueker, 1594).
Upper mantle velocities as determined from a vari-
ety of methods appear to be slowest benegath areas
that have seen tectonic and magmatic activity most
recently, those areas near the eastern and western
margins of the province,

It is generally agreed that upper mantle shear wave
splitting results from tectonically imposed strain
fabric in the mantle rocks {e.g., Ribe and Yu, 1991).
Preferred alignment of olivine crystals causes the
shear waves vibrating parallel to the elongate crys-
tals to arrive faster than those vibrating perpendicu-
lar to the preferred-alignment direction, Thus the
recorded fast direction is roughly parallel to the
strain direction, The origin of the mantle strain is
thought to be from internal continental deformation
as well as from whole plate motion. Shear-wave
splitting results are available from the northern Ba-
sin and Range {¢.g.. Savage and Silver, 1993) and
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the scuthern Basin and Range {(e.g., Ruppert, 1992).
Results from the northern Basin and Range show a
fast direction of N 74° E with a 1 s difference be-
tween fast and slow arrivals (split) in the northwest-
ermn province, while in the northeastern Basin and
Range the fast direction is about 45" different at N
72° W with a 1 s split (Savage and Silver, 1993). A
similar variation in the horizontal stress direction
from the northwestern to northeastern Basin and
Range is observed (e.g., Zoback and Zoback, 1989),
but the present-day stress directions do not parallel
the fast or slow anisotropy directions. Savage and
Silver (1993) suggest this mismatch may be because
present day Basin and Range e¢xtension is too weak
to overprint previous deformation fabric in the
mantle. Two anisotropic layers {cumulative 0.7-0.8
s split) were postulated beneath the southern Basin
and Range province in southern Arizona: aN 35°'W
fast direction in the 30-50 km depth interval (paral-
lel to present-day extension) and an additional 80—
km-thick zone extending into the asthenosphere with
a fast direction criented N 60° E, roughly paraltel to
North American plate motion (Ruppert, 1892).

7.4.5 Potential Field Studies

The northern Basin and Range province corre-
sponds to a regional Bouguer gravity low, the bound-
ary of which lies along the topographic edge between
the northern and southern Basin and Range (Plate
7--2). The sources of the high topography and low
Bouguer gravity in the northern Basin and Range
both result from an upper-mantle low-density
anomaly (e.g., Eaton ¢t al., 1978}. There is a bilat-
eral symmetry in the long-wavelength gravity field
of the northern Basin and Range province across a
north-south center line (Plate 7-2), This increase in
the Bouguer anomaly towards the Basin and Range
margins was noted and compared with the outward
migration of seismicity and magmatism into the
margins by Eaton ¢t al. (1978) and is suggested to
result from asthenospheric upwelling beneath the
central northern province, Isostatic residual maps
have been created {(¢.g., Simpson et al., 1986; Jachens
et al., 1989) that remove mantle effects from the
Bouguer gravity so that crustal variations may be
examined. These maps show gvidence for low-den-
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sity plutons at the heart of the bilaterally symmetric
pattern in the Bouguer gravity map, possibly indi-
cating a genetic link between ancmalous upper-
mantle and upper-crustal plutonism. Similarly, a
large quantity of basalt intruded into the eastern
Snake River Plain crust causes a strong positive
crustal gravity anomaly in the northern Basin and
Range.

Gravity data from the Basin and Range province
have been used to address problems involving the
extension process. Thompson and McCarthy (1990)
peinted out that highly extended terranes such as
metamorphic core complexes are not associated with
large gravity anomalies, and the ¢rust beneath them
tends to be equally thick as less extended crust sur-
rounding them. They suggested that at depth, rocks
of equal density must have replaced the 10 km or so
of upper crustal rock that was stripped off the top in
order to prevent a strong gravity anomaly from be-
ing created. They further suggested that the low-den-
sity rocks must have been magmatically iniruded,
because inflow of ductile lower-crustal rocks would
have emplaced enongh dense material as to gener-
ate strong positive gravity anomalies which are not
observed. However, Kruse et al. (1991) fit the
Bouguer anomaly to a model of ductile lower-crustal
flow from beneath the unextended Colorado Plateau
to the extended Lake Mead region of the central
Basin and Range. The Lake Mead region lies about
1 km lower than the Colorado Plateau and hags a simi-
lar crustat thickness {o the plateau, whereas many
metamorphic core complexes are mountainous and
are elevated above their surroundings. Thus exagmi-
nation of gravity data seems to indicate that lower-
crustal flow and magmatism may operate indepen-
dently or in concert to maintain crustal thickness
during extension, depending on conditions within an
individual terrane,

Aeromagnetic data from the Basin and Range pro-
vide information about crustal composition and evo-
lution. A “quiet basement zone™ extends from south-
ern Nevada into Idaho (Mabey et al., 1978) and is
centered along the line of symmetry identified on
Bouguer gravity maps. The Snake River Plain stands
out as a strong magnetic anomaly, particularly the
western arm of the plain. The strength of the mag-
retic anomaly decreases along the eastern Snake
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Fig. 7-10. Heat flow in the westem United States afier Morgan and Gosnold {1989). The darkest areas have the highest sorface heat

flow, and the lightest are the lowest.

River plain towards the Yellowstone caldera, Blakely
and Jachens {1991) note that 46% of the surface area
of Nevada has Mesozoic and Cenozoic igneous rocks
in the upper 1 km of the crust. They also identify a
roughly north-south trending 500-km-long magnetic
anomaly across the middle of Nevada that has re-
mained essentially linear since middle Miocene time.
This feature has been termed the northern Nevada
rift, and may represent a linear series of mafic dike
intrusions (Zoback and Thompson, 1978; Zoback et
al., 1994), The rift has been used as a marker for
post-rift extensicn at an oblique angle to it (Zoback,
1978; Zoback and Thompsonr, 1978). The depth to

the Curie temperature isotherm was estimated from
magnetic anomaly properties in the state of Nevada,
and the basal depth of the magnetic sources was ob-
served to be shallowest in regions having the high-
est heat flow (Blakely, 1988).

7.4.6 Heat Flow and Magnetotelluric Studies

A result of recent tectonic extension and accom-
panying magmatism in the Basin and Range prov-
ince has been an increase in surface heat flow rela-
tive to other more stable tectonic provinces in the
western Cordillera such as the Colorado Plateau,
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Sierra Nevada, and Rocky Mountain foreland. Re-
duced heat flow in the Basin and Range is typically
50-100% higher than the surrounding stable prov-
inces, and in places can be more than 300% greater
(e.g., Batile Mountain high, northwestern Nevada)
(Lachenbruch, 1978; Lachenbruch and Sass, 1978;
Blackwell, 1978, Morgan and Gosnold, 1989). The
relative highs and lows in reduced heat flow are
shown in Fig. 7-10, though caution should be exer-
cised when making regional interpretations of Ba-
sin and Range heat flow contours, as flow of ground
water and variable magmatic advection can compli-
cate matters considerably. The source of heat loss
through the Basin and Range lithosphere has been
suggested to be a direct result of elevation of hotter
material closer to the surface caused by lithospheric
thinning {e.g., Crough and Thompson, [976;
Lachenbruch and Sass, 1978; Artyushkov and
Batsanin, 1984). However, constraints on the tim-
ing of extension, heat loss, and the observation that
broad, unextended volcanic plateaus can be as hot
as the Basin and Range province, leads to the con-
¢lusion that advective heat from magmatic sources
must play an important combined role with lithos-
pheric thinning in generating heat flow in the Basin
and Range (e.g., Morgan and Gosnold, 1989;
Mareschal and Bergantz, 1990}, The southern Basin
and Range province shows very similar heat flow
values to the northern Basin and Range, though the
metamorphic core complex belt along the Colorado
River is relatively cold, while other regions of less
pronounced Miocene extension remain hot, perhaps
because 10 km of radiogenic upper-crust was
stripped off the core complexes during extension (J.
H. Sass et al., written commuanication, 1993},
Magnetotelluric studies in the southern Basin and
Range province of southern California and Arizona
find a highly conductive zone at depth that begins
approximately at the Colorado River and continues
to the east {(e.g., Keller, 1989; Klein, 1990). A
transect paralleling the USGS PACE seismic refrac-
tion and COCORP Arizona seismic reflection lines
shows a deep zone of conductivity that may corre-
late with the top of the reflective lower crust and
deepens beneath the Colorado Plateau transition
(Klein, 1950). In the northern Basin and Range prov-
ince, an intensive magnetotelluric survey was con-
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ducted across the Battle Mountain heat flow high,
and high conductivities were observed through the
crust at ali depths, especially in Dixie Valley and
the Carson Sink (Keller, 1989), A mid-crustal zone
{(~20 km deep) of high conductivity was also ob-
served beneath the thermal province of the eastern
Snake River Plain in Idaho (Stanley, 1982), A 70-
km-wide lower crustal and upper mantle conductive
zone was identified that corresponds with the roughly
nozth-south trend of the northern Nevada Rift, and
was attributed to diking and conductive permeable
fractures (Chau, 1989).

7.5. Structure and Interpretation

The Basin and Range province presents some key
crustal and mantle structural problems that bear di-
rectly on the extension and uplift processes. I dis-
cuss three such problems in some detail here: (1)
the possible causes that lead to apparent low-angle
normal faulting versus high-angle faulting in the
upper crust, (2) the maintenance of relatively uni-
form crustal thickness despite strongly varying ex-
tension and topography, and (3) the variations in
topographic elevation between the southern and
northern Basin and Range province despite the nearly
uniform crustal thickness and average magnitude of
extension in the two sub-provinces.

7.5.1 Low-Angle vs. High-Angle Normal Faulting

Anderson’s (1951} theory provided a general
framework to describe faulting in relation to the
ambient stress field in the Earth’s crust. The theory
predicts that when the vertical lithostatic load is the
greatest principal stress, normal faulting ensues at
an angle ~45* to 70° from vertical, when the differ-
ence between the horizontal least principal stress and
vertical greatest principal stress exceeds the shear
strength of the rocks. As more faults are investigated
world-wide, it is increasingly clear that Anderson
theory alone cannot adequately describe many ob-
served faults. For example, shallow dipping to hori-
zontal fault planes are commonly observed, often
with extreme normal displacements. Because these
favits are shear failures that respond to the local
stress field, apparently either the greatest principal
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stress direction deviates from the vertical (e.g.,
Bartley and Glazner, 1985; Bradshaw and Zoback,
1988; Melosh, 1990}, or a steeply dipping fault plane
rotates to a more shallew dip after displacement (e.g.,
Davis, 1983). Reactivation along ancient low-angle
fault planes is a less likely explanation because in
most cases the shear strength of a plane of weak-
ness improperly oriented to the principal stress axes
exceeds that for a new fault in fresh rock along a
more favored plane (Sibson, 1985), There is clear
evidence that rotation followed by initiation of new
fault planes occurs, as in the ¢ase at Yerington, Ne-
vada (Proffett, 1977). However, evidence from struc-
tural reconstructions indicates that many detachment
faults begin and propagate at low angles, including
the Whipple Mountains (Yin and Dunn, 1992) and
Chemehuevi Mountains of southern California
{Miller and John, 1988), the Harcuvar Mountains of
central Arizona (Reynolds and Spencer, [985), and
in the Mormon Mountains of Nevada (Wernicke et
al., 1985),

The expected pattemn for brittle extension with a
vertical greatest principal stress is finite motion
along steeply dipping fault planes, with a new plane
forming when it is no longer efficient to continge
motion along the first (much like the middle Miocene
episede of block faulting in the Basin and Range
province). Historical earthquakes have focal mecha-
nisms that indicate steeply dipping fault planes
(>40°) {e.g., Jacksecn, 1987). When lower angled
faults oceur, they tend 10 expose sharp divisions be-
tween brittle deformation in the upper plate and duc-
tile deformation in the lower plate; this has invited
the suggestion that the low-angle faulis represent the
brittle-ductile transition (e.g., Gans et al., 1985).
Models involving isostatic uplift (“rolling hinge”
models) suggest that unloading caused by movement
on a normal fault causes upwarp of the footwall,
which rotates the initially steep fault plane towards
the horizontal {e.g., Heiskanen and Vening Meinesz,
1958; Spencer, 1984; Wernicke and Axen, 1988),
Observational evidence suggests that isostatic re-
bound of local features such as the footwall of a
normal fanlt occurs in the middle crust, rather than
involving the whole crust. For example, analysis of
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gravity data suggests that the load differences be-
tween the relatively narrow {(~20 km wide) basins
and ranges in the western Cordillera of the United
States are supported by the strength of the crust (e.g.,
Eaton et al., 1978; Kruse et al., 1991), which im-
plies that isostatic compensation has occurred by
midcrustal shear flow, rather than in the mantle, Seis-
mic reflection profiles from the northern Basin and
Range province tend to support that result, showing
a flat Moho beneath both basins and ranges {e.g.,
Klemperer et al., 1986). Footwall rebound should
occur equally on every steep normal fault of approxi-
mately the same offset, which indicates that the ob-
served variation in dip-angle is likely a consequence
of heterogeneities in composition, rheology, or stress
distribution.

The stress field and rheology of the upper crust
may be influenced towards conditions favoring low-
angle normal faulting by magmatism (e.g., Lister and
Baldwin, 1993; Parsons and Thompson, 1993). Ad-
vected heat from intruded magma could raise the
brittle-ductile transition temporarily, and shear along
the ductile zone (e.g., Melosh, 1990} or shear stresses
imposed directly by the intrusion (Parsons and Th-
ompson, 1993) might cause a rotation in the siress
field favoring low-angle faulting. Any model for in-
situ low-angle faulting must include some source of
shear that drives the faulting, either gravitational as
in the case of Gulf of Mexico faults (e.g., Bradshaw
and Zoback, 1988}, or some other scurce where to-
pographic inclination is not likely to be a factor, such
as in the metamorphic core complexes in the Basin
and Range. Furthermore, models for metamorphic
core complex development must be consistent with
the following observations: (1) the crust beneath core
complexes is often as thick as surrounding less ex-
tended terranes, (2) core complexes lack strong
Bouguer gravity anomalies, thus regardiess of its
source, the material that maintains crustal ¢hickness
beneath the core complexes must be on average the
same density as the whole-crustal average, and (3)
the exposed core rocks are typically warped upwards
into mountainous antiformal structures rather than
buried beneath thick sedimentary basins.



304

T. Parsons

Basin and Range Province Crustal Thickness
\\ | ‘.‘ '\ \ |
42 N 9egn |\ N\ %ﬂo
DN A VA N N )
N\ \\ ~agl o 2Ll
38\ \ \ B— T~ ~
40 \ N . S
\_ Nevada ™~ | _ \\UTah
—-36 \\‘\ / 1
_ /)
N Sy < 3 — “7/_,// / J _/"
\“&?‘3 \ P Ve / / /
~ g -38 ~ y /
38 S0\ \ N ~ yay / /
\\\ -\\. ._\\ \_\\ '/: ;‘._/ /. / : /
AN A / / / |
NN | [
\\ \\\ \\“ P "‘,. l‘. ‘ \
Salif\_ T S N\ Ahzone R
36 \ \_\ = \\Ah{ona\\
\ N\ N\ ~
\ a2 X NN “ -
| \ e \ \\ *\_\\
/ / \ %\
/, / \\ \\ \\\
4 30~ \ /" \
34 /"'/ \‘- \\‘z \\\ Na —
‘[ ! lm100] 200 ] 300 ]
122 120 118 116 114 112 110

Fig. 7-11. Contour plot of the crustal thickness of the westemn Cordillera where estimates from seismic refraction profiles are
available (Fig. 7-6) {shown as gray lines; Warren, 196%; Prodehl, 1979; Catchings and Mooney, 1989; McCarthy et al., 19%1). This
plot is similar to compilations by Pakiser (1989} and Jones et al. {1992).

7.5.2 Basin and Range Crustal Extension and Thick-
ness

As the number of seismic refraction studies in the
Basin and Range increased, it became clear that the
crust within the extended province is remarkably
nniform despite strong variation in the timing and
magnitude of stretching from terrane to trerrane (Fig,
7-11). Either the pre-Tertiary Basin and Range crust
was @ minimum of 60 km thick, and up to 120 km
thick in places, or crustal material was added during
extension. Long-term inter-plate convergence and
subduction very likely did increase the crustal thick-
ness of western North America during the Paleozoic

and Mesozoic Eras (e.g., Bird, 1984), but it would
have to have exceeded the present thicknesses of the
Rocky Mountains and Colorado Plateau if the present
Basin and Range crostal thickness evolved through
closed-system pure shear of the Cordilleran crust,
Gans (1987) inferred a 40 to 50 km pre-extension
crustal thickness for the northeastern Basin and
Range province, and reconciled the estimated 77%
surface extension with the present 30-35 km thick-
ness by propesing an open-system mode of exten-
sion that included lower-crustal ductile flow and the
addition of a 5-km-thick magmatic layer,



The Basin and Range Province

The maximum focal depth of earthquakes in the
Basin and Range province is about !5 km, an indi-
cation that the crustal layer beneath the brittle up-
per crust responds to regional extensional stresses
by aseismic creep, or ductile flow. The high observed
surface heat flow indicates that the ductile layer may
have increased mobility through heat conducted from
the mantle andfor advected by intruding magma.
Buck (1991} suggested that lithospheric rheology
controls extensional modes. When thermal weaken-
ing dominates and lower crustal flow occurs very
fast, then core complexes form; otherwise either a
wide rift occurs if the lithosphere is moderately hot
and weak, or a narrow rift forms if the lithosphere is
cold and strong. The role that the ductile layer may
play in maintairing crustal thickness during exten-
sion is not well constrained, nor is the amount of
ductile lower-crustal material that may have been
added to the extending Basin and Range crust from
more stable unextended terranes such as the Colo-
rado Plateau or the Sierra Nevada. Perhaps some
indication may come from the patterns of seismic
reflectivity that are commonly observed in the lower
crust of extended terranes worldwide. As was shown
in Section 7.4.4.1, the Iower crust of the Basin and
Range province can be highly reflective at vertical
incidence (e.g., Figs. 7-7, 7-8). The reflective lower
crust does not extend very far into the more stable
terranes along the Basin and Range margins such as
the Sierra Nevada, the northern and southern Colo-
rado Plateau, or the Mojave block, all regions where
pre-Tertiary structures seem to be preserved (e.g.,
Cheadle et al., 1986; Allmendinger et al., 1687;
Howie et al. 1991). If the lower-crustal reflectivity
is the result of shearing in the lower crust, and sig-
nificant flow from stable blocks occurred, than such
fabric would be expected beneath those stable
blocks. The absence of reflectivity from the border-
ing stable terranes suggests that significant flow from
these regions has not occurred. A further complica-
tion in interpreting lower-crustal reflectivity is the
strong possibility that at least some of the reflectors
are caused by Tertiary magmatic intrusions into the
extended crust.

The Mohe is an often-suggested locus of mag-
matic underplating (e.g., Furlong and Fountain,
1686; Matthews and Cheadle, 1986; Bohlen and
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Mezger, 1989; Bergantz, 1989; Wilshire, 1990). The
seismic velocities from the highly reflective lower
crust of the northern Basin and Range province are
high (7.1-7.3 km/s) in places, and are lower (~6.6
km/s} in other parts, perhaps indicating variable in-
put of mafic magma into the [ower crust there {e.g.,
Holbrocok et al., 1991), Lower-crustal velocities tend
to be slow in the southern Basin and Range prov-
ince, though velocity constraints allow up toa 4 km
thickness of mafic intrusive rocks if it is distributed
within the lower-crustal layer in thin sheets
{McCarthy and Parsons, 1994). While underplating
or intrusion of distributed horizontal mafic sheets is
often suggested as a means to maintain crustal thick-
ness and advect heat into the lower crust to stimu-
late flow there, little attention is given to how such
sheets might be emplaced in an extensional envi-
ronment that should favor vertical rather than hori-
zontal intrusions. The rheologic boundaries of the
lithosphere such as the Mcoho may be traps where
basaltic magma is more likely to orient horizontally
because the rheologic differences lead to long term
changes in the stress magnitude across them, While
the upper-most mantle lid is likely more rigid than
the lower crust it is seldom seismogenic in extend-
ing regimes. The commonly observed association of
extension with magmatism and high heat flow is
perhaps an indication that dike intrusion along with
some amount of ductile deformation is the mcans
by which upper-manile extensional strain occurs.
The ductile lower crust develops less deviatoric
stress and may become over-inflated by dike intru-
sion as compared with the stronger upper mantle
{e.g., Parsons et al., 1992b) (Figure 7-12). Subse-
quent dikes in the mantle reach the ductile lower
crust in which the horizontal stress exceeds the
lithostatic load, and the magma is hence forced to
intrude horizontally, underplating the Moho, Mul-
tiple occurrences of this cycle may be important in
the evolution of the lower crust and Moho in ex-
tending terranes.

Models of whole-lithospheric extensional flow
identify two wavelengths of necking instabilities, a
local one at the scale of basin-range spacings that is
accommodated by middle and lower crustal flow, and
a province-wide thinning of the lithospheric mantle
{e.g. Froidevaux, 1986; Zuber et al., 1586). That
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Fig. 7-12. Sequence of events leading to horizontal intrusion and underplating at the crust-mantle boundary. {a) In an extending
tegime the deviatoric stress (difference of maximum vertical and least hotizontal} accumulates in the mose brittle upper crust and
upper mantie. The more ductile lower crust tends to flow and relax the deviatoric stress before much can accumuilate there.(b} A
vertical dike initiates, and thins as it ¢crosses the Mohe, because of the smaller deviatoric stress. The strain cansed by the dike in this
case imposes a stress which exceeds the residual deviatorie stress in the [ower crust. The dike continues into the brittle upper crust
where it widens, and combines with normal faulting to accommodate the deviatoric stress there. {c) A second pulse of dike
intrusions form in the mantle and propagate upwards, but the dikes encounter a compressive regime in the lower crust. The melt is
induced to intrude horizontally at the crust-mantle boundary because of the new stress conditions there. The second set of dikes
accommodates the remaining deviatoric stress in the mantle, which may begin accumulating again with continued extension and the
whole ¢cycle may repeat many times, Multiple cycles of this procvess would cause the lower crust Lo become more mafic, and would
help extending crust to maintain its thickness as well as influence the character of the Moho.

predicted local variability of extensional flow com-
bined with the observed seismic velocity and
reflectivity observations can perhaps lead to a uni-
fied conclusion, Since it seems that significant flow
from outside the Basin and Range province is pre-
cluded by the lack of strong patterns of reflectivity
in its margins, then the only sources that could have
maintained Basin and Range crustal thickness are a
thick pre-extension crust, and/or intrusion of magma
from the mantle. Furthermore, the variable seismic

velocities in the lower crust of the Basin and Range
indicate that underplating probably occurs as dis-
tributed thin sheets rather than as a thick, contigu-
ous layer. The scale length of lower-crustal reflec-
tions from beneath the Basin and Range is typically
short (<5 km), perhaps an indication that ductile
crustal flow has acted to disrupt the intrusive sheets
into small lenses, while also evening out crustal
thickness locally, pulling rock from beneath the
ranges into the crust beneath the basins. Underplating
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as thin sheets is more effective in conducting heat
quickly into the lower crust than would be a mas-
sive underplated layer. Thus the granulite xenoliths
observed from beneath the southern Basin and Range
may have been heated by a relatively smaller vol-
ume of mafic melt than was proposed by Hayob et
al. (1989), which is more consistent with the low
observed *He/*He ratios (e.g., Torgersen, 1993).

7.5.3 Isostatic Constrainis on the Basin and Range
Upper Mantle Structure

The mantle beneath the Basin and Range prov-
ince can be investigated if the thickness and density
of the crust are known. If a good estimate of these
two parameters can be made, then it is possible to
estimate the crustal contribution to uplift and thereby
isolate the remaining mantle contribution. There is
a strong indication that the southern and northern
Basin and Range mantle ar¢ behaving quite differ-
ently, since the crust in the two regions is similar in
thickness and average velocity, while their topo-
graphic elevations differ by about a km. If the crustal
buoyancy alone cannot float the lithosphere enough
to account for the difference in elevations, then a
mantle contribution to the northern Basin and Range
elevation is indicated. The crustal-thickness infoz-
mation for the western United States from seismic
refraction surveys (Fig. 7-11) was combined with
information on upper-crustal density variation from
a basin-stripped isostatic residual gravity map
{Saltus, 1991). These gravity data give an indica-
tion of the relative density variation of the upper-
crustal basement rocks because the effects of sedi-
mentary basins and regional trends have been re-
moved. Density perturbations of the upper-crustal
rocks can be approximated with the relation
p ~{g/0.04L_} (e.g., Simpson and Jachens, 1989),
where g is gravity in mGal, and L, is an assumed
upper-crustal thickness (15 km). Lower-crustal den-
sities are not delimited by the data and were assigned
a uniform value of 2.9 gfcm’; the lower-crustat layer
is too thin for even strong density variations within
it to cause the large observed mass deficit. Combin-
ing the crustal-thickness and upper-crustal density
data results in the approximate crustal contribution
to uplift across the western Cordillera; this when
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compared with the topography, indicates the mantle
contribution to uplift {Fig. 7-13). Regional isostasy
is assumed because the free air gravity anomaly av-
erages zero across the region (e.g., Thompson and
Zoback, 1979).

The upper-mantle mass per unit area is fourd by
dividing the study area into a grid of isostatic col-
umns. These columns are calculated using a two-
layer isostatic expression with a known crustal layer,
and a second mantle layer that extends down to an
assumed local iso-density asthenosphere at a depth
of ~200 km. The problem can be viewed as a group
of 200-km-deep columns each containing the un-
known boundary between the lithosphere (of un-
known density) and the fixed-density asthenosphere,
Since the crust is treated as a known quantity, and
the topographic elevation is known, then the mass
contained within the lithospheric mantle part of the
column required to float it to its individual height
¢an be calculated. The mantle mass per unit area of
a given column {AM,} is found by comparing it to a
reference column, which is the column in the study
area that contains the greatest amount of mass (and
hence has the lowest mantle buoyancy), as

aM, =(1,-1,) .

L3

where
IL=pE -(p.-p.)L.

is a modified form of the isostatic equation (e.g.,
Lachenbruch and Morgan, 1990}, The variable L,
is the thickness of the crust in column #, p is density
with the @ and ¢ subscripts denoting asthenosphere
and crust respectively (p, = 3.2 g/cmy’; variation in
the fixed asthenosphere density does not affect rela-
tive difference between columns), and E, is topo-
graphic elevation .

On the basis of isostatic calculations, Figure 7-
13 shows that a broad low-density anomaly under-
lies the northern Basin and Range province, extend-
ing from the Sierra Nevada in the west to the Colo-
rado Plateau in the east. Similar results were
achieved by Jones et al. (1992), who used a slightly
different method. The peak of the anomaly corre-
sponds approximately to the center of the northern
Basin and Range province, with the bulk of the
anomaly to the south beneath the central Basin and
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Fig. 7-13. Contour plot of retative variation in upper-mantle mass beneath investigated part of the western Cordillera. Values were
calculated using a modified form of the isostatic equation with crustal depth information from seismic-refraction profiles (Fig. 7—
11). The free-air gravity anomaly across the region is near zero, which implies that the area is in isostatic equilibrium. The thin crust
of the northkern Basin and Range province associated with its high elevation requires an underlying low-density upper mantie if
isostasy is to be satisfied. The similar crust of the southern Basin and Range is a km lower in elevation, 2 possible indication that

the mantle asthenosphere is different from north to south.

Range. The inferred Yellowstone plume track {cast-
ern Snake River Plain) does not appear as a low-
density anomaly on this image because the crust
there has been largely replaced by more dense ba-
salt (e.g., Sparlin et al., 1982), which has caused
subsidence. The sum of the mantle isostatic mass
deficit is ~3.6 x10™ kg beneath the region investi-
gated. Extension and thinning of the Basin and Range
lithosphere allowed the asthenosphere to rise and
take its place, causing some of the mass deficit.
Earthquake-source methods that measure the varia-
tion in lithospheric thickness between the Basin and
Range province and the unextended Colorado Pla-

teau corverge on a difference in the mantle-lid thick-
ness that ranges between 15 and 50 km across the
two provinces {see Section 7.4.4.3 or Iyer and
Hitcheock, 1989; Beghoul et al,, 1993). If a reason-
able density contrast between asthenosphere and
lithosphere of 0.05 g/cm’ is used (e.g., Thompson
and Zoback, 1979; Lachenbrych and Morgan, 1990)
then the mass deficit caused by lithospheric thin-
ning amounts to ~4.8 x 10'"-~1.6 x 10 kg, or 13%-—
44% of the total anomaly, If the entire anomaly is
attributed to lithospheric thinning over an adiabatic
asthenosphere, then a mantle lithospheric layer ~112
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km thick would need to have been removed from
the Basin and Range province acress the study area
to account for the entire estimated mass deficit.
The mantle lid as measured in the northern and
southern Basin and Range province is very similar
{Fig. 7-9}, which implies that some other cause of
low density mantle besides mantle lithospheric thin-
ning has occurred in the northern Basin and Range.
Saltus and Thompson (1993) investigated the topo-
graphic difference between the northern and south-
ern Basin and Range using gravity data and found
that only half of the isostatic support could possibly
come from the crust, while thermal expansion and
phase changes were unlikely sources of the density
ancmaly in the mantle, Instead, they suggested that
the Yellowstone plume may be responsible for the
low density northern Basin and Range mantle. The
possible role of the Yellowstone plume in Basin and
Range extension is discussed further in Section 7.6.4.

7.6. Tectonic Evolution: Sources of Basin and
Range Extensional Stress

The extensional stresses that caused the opening
of the Basin and Range province are the conse-
quences of pre-Tertiary and Tertiary tectonic events.
Possibly both passive and active rifting have oc-
curred at varions stages of Basin and Range exten-
sior. As was discussed briefly in Section 7.1.1, tec-
tonic cycles have worked and reworked the western
Cordilleran lithosphere since it was a passive mar-
gin in the Proterozoic Eon. It would be difficult to
gquantify exactly how much the lithosphere was
weakened relative to the cratonic interior by those
tectonic cycles, but they have very likely defined
the breadth of Basin and Range extension, since
broad rifting is predicted in weak lithosphere, while
narrow, more typical rifting is predicted in cold,
strong lithosphere (e.g., Buck, 1991). Tt is a com-
mon coincidence to observe extensional deforma-
tion overprinting earlier compressional structure
throughout the Basin and Range province {e.g., Co-
ney, 1987; Wernicke, 1992), Many of the sources of
¢xtensional stress can be attributed to the varying
configurations between the North American and the
Pacific, and the now-extinct Farallon, oceanic plates.
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7.6.1 North America — Farallon Plate ! Back- and
Intra-Arc Extension

At about 43 Ma a major giobal plate reorganiza-
tion caused a change in the Pacific plate motion rela-
tive to North America {e.g., Engebretson et al.,
1985). The Farallon plate still intervened between
North America and the Pacific plate at this time (Fig.
7-3), and was isolated from the global system by a
spreading center between it and the Pacific plate and
a subduction zone along the North American plate
boundary. The motion of the Faralloa plate may also
have begun to slow independently of the global sys-
tem because the Pacific-Farallon spreading ridge
drifted east relative to North America, causing the
subduction of increasingly younger oceanic lithos-
phere until a plate with positive buoyancy was forced
beneath North America {e.g., Engebretson et al.,
1984). The rate of Farallon-North American conver-
gence at 40° N was still at its peak at 50 Ma, but
began a rapid decline shortly after that (e.g.,
Engebretson et al., 1984). Heaton and Kanamori
(1984} noted a worldwide tendency for back-arc
basins to form behind subduction zones with rapid
convergence and low coupling. Thus the suggestion
that the early stages of northern Basin and Range
province extension that began in southern Canada
and the northwestern United States resulted from
back-arc extensional stresses (e.g., Zoback et al.,
[981) seems valid. Stratigraphic constraints and
trace-element signatures of volcanic rocks that
erupted at about 30 Ma in northern Mexico indicate
that the initial stages of extension there occurred in
a back- or intra-arc setting {Cameron et al., 1989},
When the Farallon-North American convergence rate
slowed because the oceanic slab buoyancy increased,
that style of extension seems to have died out in the
northern Basin and Range province. The ignimbrite
volcanic event in central Nevada, the closing of the
Laramide magmatic gap, and associated extension
correlates in time with the onset in slowing of the
convergence rate between the Farallon and North
American plates and a possible change in the angle
of subduction. Speculatively, this stage of extension
may have been a brief period of active rifting, driven
by a sudden burst of magmatism associated with re-
newed asthenospheric contact beneath Nevada and
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Utah after the slab angle steepened. Elston (1984)
suggested that an “extensional orogeny” caused the
ignimbrite event, and that the subduction of hot,
young oceanic [ithosphere enhanced the tendency of
continental lithosphere to extend towards its margin
through thermal input.

7.6.2 Extensional Spreading Resulting from Oro-
genic Over-thickening

A consequence of unstable over-thickening of
continenial lithosphere is that it will attempt to
spread back out to its pre-compressional thickness.
The over-thickened lithosphere can be thought of as
storage of potential energy poised to be released. In
order for that release to occur, the outer boundaries
of the thickened lithosphere must become less con-
fined, to allow room for spreading, or the topo-
graphic head must overcome those constraints. Wide-
spread compressional features in the western Cor-
dillera indicate that lithospheric thickening occurred
during long-term subduction and reached far inland
during the Laramide orcgeny, perhaps because of
low-angle subduction of the Farallon slab (e.g.,
Dickinson and Snyder, 1578; Bird, 1984). Coney and
Harms (1984) reassembled the Tertiary extension of
the Basin and Range assuming extension on the or-
der of 40-60%, and found the pre-extension thick-
ness to be about 40-60 km, similar to thicknesses
beneath the Colorado Plateau and Rocky Mountains,
Further explanation is required to explain why the
over-thickened Basin and Range province lithos-
phere should have extended so readily while the
equally thickened Colorado Plateau and Rocky
Mountains have not. Coney (1987) and Sonder et al.
(1987) suggested that a softer tithospheric rheology
caused by the ignimbrite event may have stirmulated
lithospheric outflow and allowed preferential spread-
ing in the Basin and Range; they further suggested
that this spreading may have beer enhanced by de-
creased compressional stresses applied at the conti-
nental margin because of slowing Farallon subduc-
tion. Harry et al. {1993) proposed through finite-el-
ement modeling that the crogenic over-thickening
may have caused upper mantle weakening that fo-
cused extensional strain and re-equilibration of litho-
spheric thickness in the Basin and Range province.

T. Parsons

They alse suggested that the marginal highlands of
the Sierra Nevada and Colorado Plateaus were out-
side the regions of upper mantle weakening and
hence were not extended.

7.6.3 Basin and Range Rifting as a Result of Pacific
- North American Plate Divergence

The global-circuit and hoetspot-reference plate
reconstruction models (Engebretson et al,, 1985;
Stock and Molnar, 1988) show that the Pacific plate
has drifted to the northwest relative to a reference
fixed on the interior of North America since 42 Ma,
The rate of longitudinal displacement (the westerly
component) has been about 30 km/m.y., depending
on the latitude examined. The half spreading rate on
the Pacific-Farallon ridge was slightly greater over
the same time period, allowing the ridge axis to mi-
grate slowly eastward towards North America. The
iritial contact of the eastern accreting edge of the
Pacific plate with the western edge of the North
American plate occurred at 29 Ma just south of the
Picneer fracture zone (Severinghaus and Atwater,
1990). Since then the Pacific plate has moved west
by about 10.2° of longitude, which corresponds to
slightly over 900 km at the latitnde of 38° N, This
compares to 8.3° of latitudinal drift during the same
time period. The segment of the North American
edge at the initial contact point has kept pace with
the rapid west drift of the Pacific plate for the last
29 m.y, The Pacific-North American plate boundary
evolved in the last 29 Ma frem a short simple con-
tact at the subduction interface to the present com-
plex zone, over 2,300 km long, that partly resides
within {he continent and partly includes a small new
ocear in the Guif of California (Atwater, 1970;
Lonsdale, 1991), Atwater (1970} explained the plate
boundary evolution in the context of the migrating-
triple-junction paradigm. However, Lonsdale (1991)
has convincingly shown that long, extinct ridge seg-
ments and the corresponding fragments of the
Farallon plate are still preserved offshore along most
of the Pacific-North American plate boundary, lim-
iting the applicability of the migrating triple junc-
tion hypothesis to the Californian system and indi-
cating that the boundary lengthened primarily
through a series of plate-capture events. With each
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Plate Motions, Magmatism, and Onset-Age of Metamorphic
Core Complexes in the Southern Basin and Range
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Fig. 7-14. Predicted locations of the coherent Faralion slab shown with the locations and timing of onset of core complex extension
and magmatism. The dashed lines mark the local northward extent of magmatic activity with time after Amstrong and Ward (1991),
and the boxed numbers are approximate time since core-complex initiation (in Ma) as summarized by Axen et al. {1993). The gray
shaded area is the uplifted Colorado Plateau. These tectonic evenis are part of a broad northwest-younging trend that parallels the

continental margin, and seems related to the change in subduction style.

event, a longer segment of the North American con-
tinent and the corresponding subducted fragment of
the Farallon plate were exposed to the rapid west
drift of the Pacific plate. Cordilleran North America
expanded westward to fill the burgeoning gap be-
tween the rigid Pacific plate and the cratonic inte-
rior of North America (e.g., Bohannon and Parsons,
submitted, 1994),

Many researchers have noted an apparent tie be-
tween the onset of extension in the southern Basin
and Range province and the termination of Farallon
plate subduction beginning at about 30 Ma (e.g.,
Atwater, 1970; Engebretson et al., 1984; Glazner and
Bartley, 1984; Severinghaus and Atwater, 1990;
Ward, 1991; Axen et al., 1993), Axen et al. (1993)
and Gans et al. {1989) show a space-time migration

of activity in this belt that closely corresponds to
the northward progression of the Pacific plate con-
tact zone between 15 and 30 Ma. It began at approxi-
mately 30 Ma at precisely the latitude of the initial
contact, The space-time migration of the initiation
of extension follows the position of the northern limit
of the plate contact, and the migration of cessation
corresponds well with the northern limit of active
spreading taking place south of the Farallon frac-
ture zone (Figure 7-14). By 15 Ma the Pacific-Nerth
American contact zone had lengthened to include
all of the continental edge from the southern bor-
derland rift of Crouch and Suppe (1993) to the lati-
tude of southern Nevada. Most of the extension that
was active in the Basin and Range province up to 15
Ma was taking place somewhere directly inland of
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the contact zone (Axen et al., 1993), By 10 Ma that
pattern had probably changed somewhat because a
large amount of regional extension was taking place
in the Great Basin that was north of the inland pro-
jection of the Mendocino fracture zone (e.g.,
Hamilton, 1987; Gans et al., 1989; Wernicke, 1992).
The direction of least principal stress {and exten-
sional strain) had rotated about 45° by this time to a
more east-west direction {(Zoback et al., 1981),

7.6.4 Role of Yellowstone Plume in Basin and Range
Extension?

During the past {6-17 m.y., the North American
plate has moved southwest over the Yellowstone
plume, leaving the Snake River Plain behind as its
track (Morgan, 1972; Armstrong et al., 1975, Pierce
and Morgan, 1992}, The Yellowstore hot spot
emerged with a burst of basaltic volcanism that may
have formed the Columbia Plateau flood basalts to
the northwest and the northern Nevada rift to the
sontheast (Zoback and Thompson, 1978), Magmatic
activity on the eastern Snake River Plain was ini-
tially characterized by pulses of silicic volcanism
(each of ~2- to 3-m.y, duration) progressing toward
the present Yellowstone caldera, Most of the silicic
volcanic rocks decrease in age to the northeast {35
to 40 mm/yr) as a resvlt of southwestward plate mi-
gration over the plume (Christiansen and Lipman,
1972; Armstrong et al., 1975), Extensive basaltic
veoleanism followed, covering the plain and persist-
ing through Holocene time {¢.g., Luedke and Smith,
1983). Seismic-refraction data indicate that much of
the midcrust beneath the plain was replaced by in-
truded basalt {e.g., Sparlin et al., 1982). The loca-
tion of the Yellowstone starting plume head and the
start of the plume tail is subject to discussion, be-
cause it may have encountered the subducting Juan
de Fuca plate during its ascent and part of the plume-
head material could have been spread westward as
far as the Juan de Fuca ridge by the descending plate
{R. L. Hill et al., 1992),

While the deep origin of mantle plumes is con-
troversial, their surface expression is dramatic and
widely observed. Perhaps the two most ubiguitous
manifestations of mantle plumes are voluminous
volcanism and a broad regional topographic swell.

T. Parsons

The typical swell associated with plumes is ~1-2
km of uplift centered across a region ~1000-2000
km in diameter {e.g., Crough, 1983; Sieep, 1990);
this uplift is largely the result of isostatic compen-
sation in the asthenosphere and lithosphere and, to a
lesser extent, a dynamic pressure gradient of flow
in the asthenosphere (below the limit of detection at
Hawali} (Sleep, 1990). The interpreted anatomy of
a mantle plume consists of a starting piume head
generated during its initial ascent through the mantle,
an active plume tail that continues to flow after the
starting plume head contacts the lithosphere, and
ponded piume-tail material that collects at the base
of the lithosphere as the active plume tail continues
to flow (e.g., Griffiths and Campbell, 1991). The
initial contact of the starting plume head with the
lithosphere heats a broad region, because the plume
head is much wider than its tail {e.g., Campbell and
Griffiths, 1990; Duncan and Richards, 1991). When
a hot-spot swell forms in continental lithosphere the
uplifted crust may be raised far enough above the
level of midplate compression te be in a state of ex-
tension, which results in rift formation centered in
the swell (e.g., Crough, 1983). The magnitudes of
the gencrated deviatoric siresses fall short of those
necessary to cause complete continental breakup
(Hill, 1991). The buoyancy and swell associated with
the starting plume head tend to move with the litho-
spheric plate (Sleep, 1990; Griffiths and Campbell,
1991). The heat associated with mantle plumes tends
to be contained in the mantle near the plume for a
considerable time. For example, Davies (1992) con-
cluded that the thermal anomaly associated with the
Hawaiian plume has not waned during its 43-m.y.
existence because the swell does not decay mono-
tonically with distance along the volcanic chain as
would be the case in a thermal decline with age. That
is, the material hotter than the normal mantle adiabat
remains ponded below the lithosphere and above
normal asthenosphere because of the long time re-
quired for heat applied at the base of the lithosphere
to conduct to the surface and because secondary con-
vection within the thermal boundary created by
plume material ts inefficient.

In Section 7.5.3 it was shown that a low-density
mantle underlies the northern Basin and Range prov-
ince. If the Yellowstone plume behaved like the vast
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majority of ptumes observed worldwide, then it prob-
ably had a starting head consisting of hot, lower den-
sity mantle compared to the surrounding Basin and
Range asthenosphere. The emplacement of such a
low-density mantie anomaly would have caused a
topographic swell across the northern Basin and
Range which may have in turn contributed to gravi-
tationgl spreading as discussed in Section 7.6.2 and
may have extended the Basin and Range province
eastward along the plume track (e.g., Anders and
Sleep, 1992; Pierce and Morgan, 1992). The in-
creased thermal input from the flux of basaltic vol-
canism may have alsc stimulated extension in the
vicinity of the plume by reducing the rheologic
strength of the lithosphere (e.g., Anders and Sleep,
[692). The Yellowstone plume cannot be suggested
as the sole cause of the latest phase of Basin and
Range block faulting between 10-13 Ma, because
those structures are active far south into Mexico, well
out of reach of even a very large plume head. Thus
if valid, the plume-head hypothesis may be more
directly applicable to the relative topographic dif-
ference between the northern and southern Basin and
Range.

7.7. Summary

The Basin and Range province defies generali-
ties. There are almost always exceptions to every
broad statement that can be made. For example it
might be safe to suggest that the episodes of exten-
sion on low-angle normal faulting are over and that
all present-day extension occurs on high-angle faults;
but a seismic reflection survey in southeastern Ari-
zona may have identified a seismogenic low-angle
normal fault there (Johnson and Loy, 1992). Thus
all the following broad staiements and conclusions
must be interpreted with the understanding that con-
tradictions may be found at a given locality orin a
specific study.

The entire western third of North America is el-
evated well above sea level regardless of whether it
was extended or not, apparently the result of long-
term subduction. Extension has widened the zone of
high elevation, causing minor subsidence in the
northern Basin and Range, and major subsidence,
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including the opening of a new ocean basin in the
southern Basin and Range. Basin and Range exten-
sion is largely confined to the orogenic crust of the
western Cordillera. Tectonism within the Cordillera
probably weakened the lithosphere enough to enable
the broad extension that has occurred there, in con-
trast to the more typical pattern of narrow rifting
that is observed worldwide. Also contributing to the
atypical breadth and elevation of the extended Ba-
sin and Range lithosphere are the time-space vary-
ing sources of extensionzl stresses imposed. A com-
plicated series of events led to the extensional
stresses, beginning with back-arc extension that oc-
curred as isolated core complexes in the Pacific
Northwest region during Eocene and early Oligocene
time. Back-arc extension was probably also the ini-
tial style of opening in the southern Basin and Range
in Mexico, beginning in middle Oligocene time. In
order for a metamorphic core complex to have
formed, unusyal conditions such as an increased ten-
dency for lower-crustal rocks to flow beneath them,
or a change in the stress field must have existed.
Both of those conditions could have been met by
increased magmatism beneath the complexes, and it
may be that subduction-related magmatism localized
back-arc extension to those highly extended terranes
in the northern Basin and Range during Eocene time,

Over-thickened lithosphere may have been weak-
ened by the orogenic process itself, a flare-up in arc-
related magmatism associated with slowing subduc-
tion, or heat transferred from the younger, hotter oce-
anic Hthosphere that was subducted beneath it dur-
ing the latest Eocene, Those factors, combined with
decreased convergence at the subduction margin may
have allowed the over-thickened Basin and Range
lithosphere to return to 2 more normal thickness.
However, the present-day Colorado Plateau is only
collapsing very weakly along its outer margins, and
is for the most part a stable piece of lithosphere. Thus
it would seem that conservation of energy constraints
prevent over-thickening alone from driving the Ba-
sin and Range lithosphere into the intense extension
that has occurred there, unless the lithospheric
mantle beneath it was substantially different from
that of the rest of the western Cordillera. In other
words, gravitational collapse undoubtedly contrib-
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uted to some Basin and Range spreading, but out-
side forces had to act on the lithosphere to stretch it
beyond the point of stability.

Such outside forces may have come from the di-
vergence between the Pacific and North American
plates. Up until 30 Ma the subducting Farallon piate
profected the western Cordillera from the relative
northwest motion of the Pacific plate. As the Farallon
plate offshore of North America diminished due to
continued subduction. the Pacific plate converged
on North America. Asthenosphere windows have
been suggested to have evolved as the remnants of
the Farallon plate sank into the mantle. There is a
space problem with such models because the west-
ward drift of the Pacific plate would have quickly
exposed such windows to the surface, since the North
American plate could never move fast enough to
cover the window if it existed at the continental
margin. If instead, the Farallon plate was mechani-
cally underplated beneath the North American con-
tinental margin as is suggested by seismic refrac-
tion studies of the margin (Howie et al., 1993;
Brocher ¢t al., 1993), then that preserved stab may
have provided the link between the Pacific and North
American plates that began to move fogether after
contact (e.g., Stock and Molnar, 1988). The post-
30-Ma core complex extension that began in north-
em Mexice and trended northward with the grow-
ing contact between the North American and Pacific
plates {Fig. 7-14)} thea took up the divergence be-
tween the {wo plates. That extension took place pri-
marily in the weak orogenic crust behind the Meso-
zoic batholiths clustered along the coast, but also
may have occurred in the California Continental
Borderlands that now lie offshore of southern Cali-
fornia. The growing contact between the North
American and Pacific plates became partially re-
sotved along the San Andreas transform, which is
not however perfectly aligned to take up all the rela-
tive motion between the two plates. Thus broad,
small-magnitude extensional deformation in the
Basin and Range province became necessary in or-
der to take up the remaining relative motion, which
may have prompted the latest phase of block fault-
ing across the province. Complicating matters fur-
ther, the Yellowstone plume emerged during Miocene
time, and may have emplaced low-density astheno-
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sphere beneath the northern Basin and Range prov-
ince, causing its high elevation relative to the south-
ern Basin and Range. The plume may also have made
some contribation to extension through the result-
ing topographic swell, and may have extended the
Basin and Range province to the northeast as the
cortinent tracked over it.

Geologic and geophysical probing of the Basin
and Range lithosphere indicate a province that is
highly variable at the surface, while being far more
uniform at depth. This uniformity may be more ap-
parent than real, however, because of the fact that
the resolution in methods applied to the deeper study
of the lithosphere is quite low as compared with di-
rect examination of the surface. The picture of the
lithosphere as it emerges with the present levels of
resolution {Fig. 7-15) is a brittle upper-crustal layer
that extends by a variety of modes (e.g., high and
low-angle fanlting, magmatism) overlying a ductile
lower-crustal layer that accommodates much of the
surface variation in strain by flow that equalizes the
thickness of the crust to an average 30 km (+ 5 km).
The ductile lower-crustal layer is anugmented by thin
sheets of magma intruded from the mantle that give
it increased mobility through advected heat. Simi-
larly, the crust-mantle boundary is interlayered ma-
fic intrusive rocks and mantle peridotites, and has
been very hot (granulite facies in the southern Ba-
sin and Range), though 300 “C of cooling may have
occurred in the north-central Basin and Range lower
crust, Magmatism accompanied extension, but the
exact timing and relation to extensional faulting re-
mains controversial. The uppermost mantle is a thin
high-velocity zone (7.6-8.1 km/s} that is slower than
the upper mantle beneath the interior continental
craton. Beneath a 20-40 km-thick mantle lid lies a
low-velocity (7.5-7.7 km/s) zone of mantle astheno-
sphere that may range from 40 to 100 km thick. The
crustal and upper mantle stroctures are similar be-
neath the northern and southern Basin and Range,
which implies that the 1 km difference in topographic
elevation is at least partly due to a density contrast
in the asthenosphere between the two sub-provinces.
The chemistry of magma rising through the north-
ern Basin and Range province is consistent with
upwelling asthenosphere there, perkaps because the
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lithosphere has been thinned relative to the more
stable regions surrounding the province, or because
of active upwelling from a plume source.

Acknowledgments. Many of the studies and
original ideas presented here were pointed cut to me
and/or shaped through discussions with Bob
Bohannon, John Howie, Simon Klemperer, Jill
McCarthy, Walter Mooney, Stan Ruppert, Rick
Saltus, Bob Simpson, Norm Sleep, George Thomp-
son, and Howard Wiishire. Special thanks to Scott
Baldridge, Jill McCarthy, Walter Mooney, Ken
QOlsen, and George Thompson for helpful, careful,
and constructive reviews of the manuscript. Suppoert
for this work came from the U.S, Geological Survey
Deep Continental Stadies Program and the U. S.
Geological Survey Branch of Pacific Marine Geol-

ogy.

7.8. References

Allmendinger, R. W., Hauge, T. A., Hauser, E. C,, Potter, C. 1.,
Klemperer, $. L., Nelson, K. D, Knuepfer, P, Oliver, 1., 1987.
Overview of the COCORP 40° N transect, western United
States: The fabric of an orogenic belt. Geol. Soc. Am. Bull,
98: 308-319.

Al-Ehatib, H. H., and Mitchell, B. J., 19%1. Upper mantle anelas-
ticity and tectonic evolution of the western United States from
surface wave attenuation. J. Geophys. Res., 96: 18129-18146.

Anders, M. H., Geissman, J. W\, Piety, L. A., and Suilivan, J. T.,
1985, Parabolic distribution of circumeastern Snake River
Plain seismicity and latest Quaternary faulting, migratory
pattern and association with the Yellowstone hotspot. I
Geophys. Res., 94: 1589-1621.

Anders, M. H., and Sleep, N. H., 1992. Magmatism and exten-
ston: the thermal and mechanical effects of the Yellowstone
hotspet. J. Geophys. Res., 97: 15379-15393.

Anderson, E. M., 1651, The dynamics of faulting and dyke for-
mation. Edinburgh, Oliver and Boyd, 206 pp.

Anderson, R. E., 1971, Thin skin distension in Tertiary rocks of
southeastern Nevada, Geol. Soc, Am. Bull,, 82: 43-58,

Archambeau, C. B., Flinn, E. A., and Lambert, 1. G., 1969, Fine
structure of the upper mantle. J. Geophys. Res., 74: 5825-
S865.

Argus, D. E, and Gordon, R. G., 1991. Current Sierra Nevada-
Nerth American motion from very long baseline intetferom-
etry: Implications for the kinematics of the western United
States. Geology, 19: 1085-108E.

Amnstrong, FC., Leeman, W.P., and Malde, H.E., 1975. K-Ar
dating, Quaternary and Neogene volcanic rocks of the Snake
River Plain, Idaho. Am. J. Science, 275: 225-251.

T. Parsons

Armstrong, R. L., and Ward, P., 19%1. Evolving geographic pat-
terns of Cenozoic magmatism in the North American Cordil-
lera: The temiporal and spatial association of magmatism and
metamorphic core complexes. J. Geophys. Res. 96: 13201
13224.

Artyushkov, Y. V,, and Batsanin, 8. F., 1984. Change in the ther-
mal regime of the Earth’s crust associated with the approach
of anomalous mantle to its lower boundary. Izvestiya, Earth
Physics, 20: 887-8%1.

Asmerom, Y., Spow, J. K., Holm, D. X., Jacobsen, S. B.,
Wemicke, B. P, and Loz, D. R., 1990_ Rapid uplift and crustal
growth in extensional environments; an isotopic study from
the Death Valley region, California. Geology, 18: 223-226,

Atwater, T. M., 1970, Implications of plate tectonics for the Ceno-
zoic tectonic evolution of North America: Geol. Soc. Am.
Bull,, 81:3513-3536.

Axen, G. I, Tayler, W. 1., and Baniley, J. M., 1993, Space-time
patterns and tectonic controls of Tertiary extension and
magniatism in the Great Basin of the western United States.
Geol. Soc. Am. Bull.: 105: 56-76.

Bartley, I.F., and Glazner, A.F., 1985, Hydrothermal systems and
Tertiary low-angle normal faulting in the southwestem United
States. Geology, 13: 562564,

Bartley, J. M., and Wemicke, B. P., 1984. The Snake Range
decollement interpreted as 2 major extensional shear zone.
Tectonics, 3; 647-657.

Beghoul, N., Barazangi, M., and Isacks, B. L.,1993. Lithospheric
structure of Tibet and western North America: Mechanisms
of uplift and 2 comparative study. J. Geophys. Res., 38: 1997
2016.

Benz, H. M., Smith, R. B., and Mconey, W. I, 1990. Crustal
structure of the northwestern Basin and Range province from
the 1986 Program for Array Seismic Studies of the Conti-
nental Lithosphere seismic experiment. . Geophys. Res., §5:
21823-21842.

Bergantz, G. W., 1989. Underplating and partial melting: Impli-
cations for melt generation and extraction. Science, 245:
1093-1095.

Beroza, G. C., Jorden, T. H., Minster, J. B., Clark, T. A., and
Ryan, J. W., 1985. VLBI vector position data; Application to
western L8, deformation. Eos Trans., 66: 84K,

Best, M. G., and Christiansen, E. H., 1991, Limited extension
during peak Tertiary volcanism, Great Basin of Nevada and
Utah. J. Geophys. Res., 96: 1350913528,

Biasi, G. P., and Humphreys, E., 1992. P-wave image of the up-
per mantle structure of central California and southem Ne-
vada. Geophys. Res. Lett., 19: 1161-1164.

Bird, P., 1984. Laramide crustal thickening ¢vent in the Rocky
Mountain foreland and Great Plains. Tectonics, 3+ 741-758,
1984,

Blackwell, D. D., 1978. Heat flow and energy loss in the west-
emn United States. In: Smith, R, B., and Eaton, G. P. (Edi-
tors), Cenozoic tectonics and regional geophysics of the west-
ern Cordillera. Geol. Soc. Am. Men. 152, pp. 175-208.



The Basin and Range Province

Blakely, R. J., 1988, Curie temperature isotherm analysis and
tectonic implications of aeromagnetic data from Nevada. J.
Geophys. Res., 93: 11817-11832.

Blakely, R. J., and Jachens, R. C., 1991. Regional study of min-
eral resources in Nevada: Insights from three-dimensional
analysis of gravity and magnetic anomalies. Geol. Soc, Am.
Bull,, 103: 795-803.

Bohlen, 8. R., and Mezger, K., 1989, Origin of granulite ter-
ranes and the formation of the lowermost continental crust.
Science: 326-329.

Bradshaw, G.A., and Zoback, M.D., 1988, Listric normal fault-
ing, stress refraction, and the state of stress in the Gulf Coast
Basin. Geology, 16: 271274,

Bradshaw, T.K., Hawkeswonh, C.1., and Gallagher, K., 1993,
Basaltic volcanism in the southern Basin and Range: no role
for a mantle plume. Earth Planet. Sci, Lett,, 116: 45-62.

Braile, L. W., Hinze, W. J., von Frese, R. B, B., and Kelier, G.
R., 1898, Seismic properties of the crust and uppermost
mantle of the cotemminous United States and adjacent Canada.
In: Pakiser, L. C., and Mooney, W. D. (Editors), Geophysical
Framework of the continental United States. Geol. Soc. Am.
Mem., 172, pp. 655-680.

Brocher, T. M., Carr, M. D., Fox, K. F. Ir., and Hart, P E., 1993,
Seismic reflection profiling across Tertiary extensional struc-
tures in the eastern Amargosa Desert, southern Nevada, Ba-
sin and Range province. Geol. Soc. Am. Bull,, 105: 30-46.

Brocher, T. M., Holbrook, W, S., ten Brink, U. 5., Hole, I. A,
and Klemperer, 8. L., 1993. Results from wide-angie seismic
reflection and refraction profiling of the San Francisco Bay
arez during BASIX. Geol. Soc. Am. Abstr. Prog., 25: A-310.

Bryant, B., and Wooden, J. L., 1989. Lower-plate rocks of the
Buckskin Mountains, Arizona; 2 progress report. In: Spen-
cer, J. E., and Reynolds, 8. J. (Editors), Geology and mineral
resources of the Buckskin and Rawhide mountains, west-cen-
tral Arizona. Bulletin - State of Arizona, Bureau of Geology
and Mineral Technology, Geological Survey Branch, 198, pp.
47-50.

Buck, W. R., 19%1. Modes of continental lithospheric extension.
I. Geophys. Res., 96: 20,161-20,178,

Burdick, L. J., and Helmberger, D. V., 1978, The upper mantle
P-velocity structure of the western United States: ]. Geophys.
Res., 83: 1699-1712.

Burke, D. B., and McKee, E. H., 197%. Mid-Cenozoic volcano-
tectonic troughs in central Nevada, Geol. Soc. of Am. Bull,,
¢0; 181-184.

Campbell, I.H., and Griffiths, R.W., 1990. Implications of mantle
plume structure for the evolution of flood basalts. Earth
Planet. Sci. Lett., 99: 70-63,

Cameron, K. L., Nimz, G. 1., Kuentz, ., Niemeyer, S., and Gunn,
5., 1985, Southern Cordilleran basaltic andesite saite, south-
em Chihuzhua, Mexico: A link between Tertiary continental
arc and flood basalt magmatism in North America. 1.
Geophys. Res., 94: 7817-7840.

Carbonell, R. and Smithson, 8. B., 1991. Crustal anisotropy and
the structure of the Mohorovicic discontinuity in westem
Nevada of the Basin and Range province. In: Mesiner, R. et

317

al. (Editors), Continental lithosphere: Deep seismic reflec-
tions. Geodynamics Series, American Geophysical Union, 22,
pp- 31-38.

Catchings, R. D., 1992. A relation among geclogy, tectonics, and
velocity structure, westem to central Nevada Basin and
Range. Geol. Soc. Am. Bull,, 104: 1178-1192,

Catchings, R.D.. and Mooney, W.D., 1989, Basin and Range
crustal and upper mantle structure, northwest to central Ne-
vada. ]. Geophys. Res., 96: 6247-6267.

Chau, L. L., 1989, A magnetotelluric of electrical conductivity
in the northem Nevada rift zone; implications on Tertiary
extension in the central Basin and Range. [M.S. Thesis].
University of California, Riverside, Riverside, California, 132

pp-

Cheadle, M. 1., Czuchra, B. L., Byme, T., Ando, C. J., Oliver, I
E., Brown, L. D., Malin, P. E_, and Phinney, R. A., 1986. The
deep crustal stacture of the Mojave Desert, California, from
COCORP seismic reflection data. Tectonics, 5: 293-320.

Christiansen, R, L., and Lipman, P. W., 1972, Cenozoic volcan-
ism and plate tectonic evolution of the western United States,
II, Late Cenozoic. Phil. Trans. R. Soc. Lond., 271: 234-249,

Clark, T. A., Gerdon, D., Himwich, W. E., Ma, C., Mallama, A.,
and Ryan, J. W., 1987. Determination of relative site motions
in the western United States using Mark III very long baseline
interferometry. J. Geophys. Res., 92: 1274112750,

Conde, K. C., 1982. Plate tectonics and crustal evolution, New
York, Pergamon Press. 310 pp.

Coney, P. J., 1980, Cordilleran metamorphic core complexes:
An overview. Geol. Soc. Am. Mem., 153: 7-31.

Coney, P. 1., 1987. The regional tectonic setting and possible
causes of Cenozoic extension in the North American Cordil-
iera, In: Coward, M. P, Dewey, J. F., and Hancock, P. L. {Edi-
tors}, Continental Extensional Tectonics: Geol. Soc. Lond.
Spec. Pub., 28, pp. 177-186.

Coney, P J., and Harms, T, A., 1984, Cordilleran metamorphic
core complexes: Cenozoic extensional relics of Mesozoic
compression. Geology, 12: 550-554.

Coney, . J., and Reynolds, 8. I., 1977. Cordilieran Benioff zones.,
Nature, 270; 403-406,

Crouch, I. K., and Suppe, J., 1993, Late Cenozoic tectonic evo-
Iution of the Los Angeles Basin and inner California border-
land; a model for core complex-like crustal gxtension. Geol.
Soc. Am. Bull. 105: 1415-1434,

Crough, 3.T., 1983. Hotspot swells. Ann. Rev. Earth Planet. Sci.,
11: 165-193.

Crough. 8. T., and Thompson, G. A., 1976. Thermal model of
continental lithosphere, 3. Geophys. Res., 81: 48574862,
Daley, E. E,, and DePaolo, D. 1., 1992, Isotopic evidence for
lithospheric thinning duning extension: Southeastern Great

Basin. Geology, 20: 104-108.

Davies, G.F., 1992. Temporal variation of the Hawaitan plume
flux: Earth Planet Sci Leit,, 113: 277-286.

Davis, G. H.., 1983. Shear-zone mode! for the origin of meta-
morphic core complexes. Geology, 11: 342-347.



318

Davis, G.A., Anderson, L., Martin, D.L., Krummenacher, D.,
Frost, E. G., and Amstrong, R. L., 1982. Geologic and geo-
chronologic relations in the lower plate of the Whipple de-
tachment fault, Whipple Mountains, southeastern California;
A progress report. In: Frost, E.G., and Martin, D.L. {Editors),
Meseczoic-Cenozoic tectonic evolution of the Colorado River
region, California, Arizona, and Nevada. San Diego, Cali-
fomnia, Cordilleran Publishers, pp. 408-432.

DeMets, C. Gordon, R, G., Argus, D. F, and Stein, 8., 1990.
Current plate motions: Geophys. I. Int., 101: 425478,

de Voogd, B., Serpa, L., Brown, L., Hauser, E., Kaufman, 3.,
Oliver, 1., Troxel, B., Willemin, J., and Wright, L. A., 1986,
Death Valley bright spot: A midcrustal magma body in the
southern Great Basin, California? Geology, 14: 64-67.

Dewey, 1. W., Hill, D. P, Ellsworth, W. L., and Engdahl, E. R,
1989. Earthquakes, faults, and the seismotectonic framework
of the contiguous United States. In: Pakiser, L. C., and
Mooney, W. D. (Editors), Geophysical Framework of the con-
tinental United States. Geol. Soc. Am. Mem., 172, pp. 541—
576.

Dickinson, W. R., and Snyder, W, 5., 1978, Plate tectonics of the
Laramide Orogeny. Geological Society of America Memoir,
151 355-366.

Dueker, K., and Humphreys, E., 1990, Upper-mantle velacity
structure of the Great Basin. Geophys. Res. Lett., 17: 1327
1330.

Dumitnz, T. A., Gans, P. B, Foster, D, A, and Miller, E. L., 1991
Refrigeration of the westemn Cordilleran lithosphere during
Laramide shallow-angle subduction. Geology, 19: 1145-1148.

Duncan, R.A., and Richarde, M.A., 1991. Hotspots, mantle
plumes, flood basaits, and true potar wander. Rev. Geophys.,
29: 31-50.

Eaton, G. P, Wahl, R. R,, Protska, H. J., Maybe, D. R., and
Kleinkopf, M. D., 1978. Regional gravity and tectonic pat-
terns: Their to late Cenozoic epeirogeny and lateral spread-
ing of the western Cordillera. In: Smith, R. B., and Eatan, G.
P. (Editors}, Cenozoic tectonics and regional geophysics of
the western Cordillera. Geol. Soc. Am. Mem. 152, pp. 51—
92.

Eddington, P. K., Smith R. B., and Renggli, C., 1987, Kinemat-
ics of Basin-Range intraplate extension. In: Coward, M. P,
Dewey, J. F., and Hancock, P. L. (Editors), Continental Ex-
tensional Tectonics: Geol. Soc. Lond. Spec. Pub., 28, pp. 371-
392,

Elston, W. E., 1984, Subduction of young lithosphere and exten-
sional crogeny in sonthwestern North America during mid-
Tertiary time. Tectonics, 3: 229-250.

Engebretson, D. C., Cox, A., and Gorden, R, G., 1985, Relative
motions between cceanic znd continental plates in the Pa-
cific basin. Geol. Soc. Am. Spec. Pap., 206, 59 pp.

Engebretson, D. C., Cox, A., and Thompson, G. A., 1984, Cor-
relation of plate motions with continental tectonics: Laramide
to Basin and Range. Tectonics, 3: 115-11%.

T. Parsons

Fitten, }.G., James, D., and Leeman, W.P., 1991. Basic
magmatism associzated with late Cenozoic extension in the
western United States: Compositional variations in space and
time. 1. Geophys. Res., 96: 13,693~13,712,

Fittor, J. G., James, D., Kempton, P. D., Ormerod, D. 8., and
Leeman, W. P., 1988. The role of lithospheric mantle in the
generation of late Cenozoic basic magmas in the western
United States. I. Petrol., Special Lithosphere Issue: 331-349.

Flueh, E_R., Okays, D. A, 1989. Near vertical and intermediate
offset reflection data from west of the Whipple Mountains,
SE Califomnia. I. Geophys. Res., 94: 625-636.

Frotdevaux, C., 1986, Basin and Range large-scale tectonics:
constraints from gravity and reflection seismology. I.
Geophys. Res., 91: 3625-3632,

Furlong, K. P., and Fountain, D, M., 1986. Continental crustal
underplating: Thermal considerations and sejsmic-petrologic
consequences. J, Geophys. Res., $1: 8285-8294.

Gans, P. B., 1987, An open-system, two-layer crustal stretching
model for the eastem Great Basin. Tectonics, 6: 1-12.

Gans, P. B., Mahood, G. A., and Schermer, E., 1989,
Syneatensional magmatism in the Basin and Range Province;
A case study from the eastern Great Basin, Geol. Soc. Am.
Spec. Pap., 233, 53 pp.

Gans, P. B., Miller, E. L., McCarthy, I, and Oulcott, M. L., 1985.
Tettiary extensional faulting and evolving ductile-brittle tran-
sition zones in the northem Snake Range and vicinity: New
insights from seismic data. Geology, 13: 189-193.

Gilbert, G. K., 1928. Studies of basin-range structure. U, 5. Geol,
Surv, Prof. Pap., 153: 1-92.

Glazner, A. F., and Bartley, 1. M., 1984. Timing and tectonic
setting of Tertiary low-zngle normal faulting and z2ssociated
magmatism in the sonthwestern United States. Tectonics, 3:
385-396.

Glazner, A. F, and Farmer, G. L., 1991. Preduction of isotopic
variability in continental basalis by cryptic crustal contami-
natiot. Science, 255: 72-74.

Gomberg, 1., Priestly, K., Brune, 1., 1989, The compressional
velocity structure of the crust and upper mantle of northern
Mexice znd the border region. Bull. Seismol. Soc, Am., 79:
14961519,

Goodwin, E. B., and McCarthy, 1., 1950. Composition of the
lower ¢rust in west-central Arizona from three-component
seismic data. J. Geophys. Res., 95: 20097-20109,

Griffiths, R, W., and Camphbell, . H,, 19%1. On the dynamics of
long-lived plume conduits in the convecting mantle. Earth
Planet. Sci. Lett., 103: 214-227.

Hamilton, W, B., 1987, Crustal extension in the Basin and Range
Province, Southwestern United States. In: Coward, M. P. |
Dewey, ] F, Hancock, P L (Editors), Continental extensional
tectonics. Geol. Soc. Spec. Pub., 28, pp. 155-176,

Hamilton, W., and Myers, W. B., 1966. Cenozoic tectonics of
the western United States. Rev. Geophys., 4: 509-549,

Harry, D. L., Sawyer, D_ §., and Leeman, W. P., 1993, The me-
chanics of continental extension in western North America:
implications for the magmatic and structural evolution of the
Great Basin, Earth Planet, Sci, Lett., 117: 59-71.



The Basin and Range Province

Hauser, E.C., Gephart, J., Latham, T., Brown, L., Kaufman, S.,
Qliver, J., and Lucchina, 1.,1987. COQCORP Arizona transect:
Strong crustal reflections and offset Moho beneath the tran-
sition zone. Geology, 15: 11031106,

Hayob, J. L., Essene, E. I., Raiz, ]., Ortega-Gutierrez, F., and
Aranda-Gomez, I. 1., 1989, Young high-temperature granu-
lites from the base of the crust in central Mexico. Nature,
342: 265-268.

Hazlett, R.W., 1990, Extension-related Miocene volcanism in
the Mopah Range volcanic field, southeastern Califomnia.
Geol. Soc. Am. Mem:., 174: 133-145.

Heam, T., Beghoul, N., and Barazangi, M., 1991. Tomography
of the westem United States from regional arrival times. 1.
Geophys. Res., 96: 16369-16381.

Heaton, T, H., and Kanamori, K., 1984, Seismic potential asso-
ciated with subduction in the northwestern United States.
Bull. Seismol. Soc. Am., 74: 933-641,

Heiskanen, W.A., and Vening Meinesz, F A.., 1958, The Earth
and its gravity field. New York, McGraw-Hitl, 47¢ pp.

Helmberger, D. ¥., and Engen, G. R., 1974. Upper mantle shear
structure. J. Geophys. Res., 79: 40174028,

Henry, C. D, Aranda-Gomez, 1. 1., 1992, The real southern Ba-
sin and Range: Mid- to late Cenozoic extension in Mexico.
Geology, 20: T01-704.

Hiil, E. I., Baldwin, 8. L., and Lister, G. 8., 1992. Unroofing of
active metamorphic core complexes in the D'Entrecasteanx
Islands, Papua New Guinea. Geology, 20: 907-810.

Hill, R.1., 1991, Starting plumes and continental breakup. Earth
Planet. Sci. Lett., 104: 398416,

Hifl, R, 1., Campbell, H., Davies, G. E, and Griffiths, R, W.,
1992, Mantle plumes and continental tectonics. Science, 2562
186-192.

Holbrook, W. S., 1690, The crustal structure of the northwestern
Basin and Range province, Nevada, from wide-angle seis-
mic data. J. Geophys. Res., 95: 21843-21889.

Holbrook, W. 8., Catchings, R. D., and Jarchow, C. M., 199].
Origin of deep reflections: implications of coincident seis-
mic refraction and reflection data in Nevada. Geology, 19:
175-179.

Holder, G.M., Holder, R.W., and Carlson, D.H,, 1990, Middle
Eocene dike swarms and their relation to contemporancous
plutonism, volcanism, ¢ore-complex mylonitization, and gra-
ben subsidence, Okanogan Highlands, Washington. Geology,
18: 1082-1085.

Howard, K. A., and John, B. E., 1987. Crustal extension along 2
rooted system of imbricate low-angle faults; Colorado River
extensional corridor, Califormnia and Arizona. In: M. P. Cow-
ard, J. F. Dewey, and P. L. Hancock {Editors), Continental
Extensional Tectonics, Geol. Soc. Spec. Pub., 28: 299-311.

Howie, }. M., Miller, K. C., and Savage, W. U_, 1993, Integrated
crustal structure across the South Central California Margin:
Santa Lucia Escarpment to the San Andreas Fault: J. Geophys.
Res., 98: 8173-8196.

319

Howie, ], M., Parsons, T., and Thompson, G. A., 1991, High-
resolution P- and S-wave deep crustal imaging across the edge
of the Colorado Plateau, USA: Increased reflectivity caused
by initiating extension. In: Mesiner, R. et al. {Editors), Con-
tinental lithosphere: Deep seismic reflections. Geedynamics
Series, American Geophysical Union, 22, pp. 21-29.

Humphieys, E., Dueker, K. G., 1994. Western U.S upper mantle
structure. I. Geophys. Res., 99: pp. 9615-5634,

Iyer, H. M., and Hitchcock, T., 1989, Upper mantle velocity struc-
tare in the continental U.S, and Canada, In: Pakiser, L. C.,
and Mooney, W. D. (Editors), Geophysical Framework of the
continental United States. Geol. Soc. Am. Mem., 172, pp.
681-710.

Iyer, H. M., Roloff. J. N., and Creakley, J. M., 1977. P-wave
residual measurements in the Bartle Mountain heat flow high,
Nevada. EOS Trans., 58: 1238,

Jachens, R. C., Simpson, R. W., Blakely, R. 1., and Saltus, R.
W., 1989, Isostatic residual gravity and crustal geology of
the United States. In: Pakiser, L. C., and Mooney, W. D. (Edi-
tors), Geophysical Framework of the continental United
States. Geol. Soc. Am. Mem., 172, pp, 405-424.

Jacksomn, J., 1987, Active normal faulting and crustal extension.
In: Coward, M. P., Dewey, I ¥, Hancock, P L {Editors), Con-
tinental extensiona) tectonics. Geol. Soc, Spec. Pub,, 28§, pp.
3-17,

Jacksen, 5. M., Wong, [. G., Carpenter, G. 8., Anderson, D. M.,
and Martin, 8. M., 1993, Contemporary seismicity in the east-
em Snake River Plain, Idzho based on microearthquake moni-
toring. Bull. Seismol. Soc. Am., 83; 680-665.

Jarchow, C. M., Thompson, G. A., Catchings, R. D, and Mooney,
W. D., 1993, Seismic evidence for active magmatic
underplating beneath the Basin and Range province, western
United Siates. I. Geophys. Res., 98: 22095-22108,

Ichn, B.E., 1982. Geologic framework of the Chemehuevi Moun-
tains, southeastern California. In: Frost, E.G., and Martin,
D.L. (Editors), Mesozoic-Cenozoic 1ectonic evolution of the
Colorado River region, Califomnia, Arizona, and Nevada. San
Diego, California, Cordilleran Publishers, pp. 317-325.

Johnson, R. A., and Loy, K. L., 1992. Seismic reflection evi-
dence for seismogenic low-angle faulting in southeastern
Arizona. Geology, 201 597-600.

Jones, €. H., Wernicke, B, P., Farmer, G, L., Watker, J. D.,
Coleman, D. 8., McKenna, L. W., and Perry, . V., 1992. Varia-
tions across and along a major continental rift: an interdisci-
plinary study of the Basin and Range Province, western USA.
Tectonophysics, 213: 57-96,

Keith, 8.B., Reynolds, 5.1, Damon, P.E., Shafiquilah, M.,
Livingston, D.E., and Pushkar, P., 1980. Evidence for mul-
tiple intrusion and deformation within the Sants Calalina-
Rincon-Tortolita crystalline complex, southeastern Arizona.
in: Crittenden, M.D., et al. {Editors), Corditleran metamor-
phic core complexes: Geol. Soc. Am. Mem., 153, pp. 217-
268,



320

Keller, G. V., 1989, Electrical structure of the crust and upper
mantle, part 2. In: Pakiser, L. C., and Mooney, W. D. {(Edi-
tors}, Geophysical Framework of the continental United
States. Geol. Soc. Am. Mem.,, 172, pp. 425444,

Klein, D. P.., 1991. Crustal resistivity structure from
magnetoteliuric soundings in the Celorado Plateau and Ba-
sin and Range provinces, central and wesi Arizona. I
Geophys. Res., 96: 12313-12331.

Kiemperer, 8. L., T. A. Hauge, E, C. Hauser, J. E, Oliver, and C.
1. Potter, 1986. The Moho in the northern Basin and Range
province, Nevada, along the COCORP 40" N seismic-reflec-
tion transect. Geol. Soc. Am. Bull,, 7: 603-618.

Koeizami, C. 1., Ryall, A., and Priestly, K. E, 1973, Evidence for
a high-velocity lithospheric plate under northern Nevada,
Seismol. Soc. Am. Bull,, 63: 2135-2144.

Kruse, 5., McNutt, M., Phipps-Morgan, I., Royden, L., Wemicke,
B., 1991. Lithospheric extension near Lake Mead, Nevada:
A model for ductile flow in the lower crust. J. Geophys. Res.,
96: 4435-4456,

Lachenbruch, A. H., 1978. Heat flow in the Basin and Range
province and thermal effects of tectonic extension. Pure and
Applied Geophysics, 117: 34-50.

Lachenbruach, A. H., and Sass, J. H., 1978, Models of an exiend-
ing lithosphere and heat flow in the Basin and Range prov-
ince. In: Smith, R. B., and Eatorn, G. P. {Editors), Cenozoic
tectonics and regional geophysics of the western Cordillera.
Geol. Soc. Am. Mem. 152, pp. 209-250.

Lachenbruch, A. H., and Morgan, P, 1990. Continental exten-
sion, magmatism and elevation; formal relations and rules of
thumb. Tectonophysics, 174: 39-62.

Lee, 1., and Lister, G.5., 1992, Late Miccene ductile extension
and detachment faulting, Mykonos, Greece. Geology, 20:
121-124.

Lee, J., Miller, E. L., and Sutter, ]. F, 1987. Ductile stram and
metamorphism in an extensional tectonic setling; 2 case study
from the northern Snake Range, Nevada, USA, In: Coward,
M. P, Dewey, I. F, and Hancock, P. L. {Editors), Continen-
tal extensional tectonics. Geol. Soc. Spec. Pub., 28: 267-293.

Leeman, W. P, and Harry, B. L., 1993. A binary source model
for extension-related magmatism in the Great Basin, western
North America, Science, 262: pp. 1550-1554.

Leeman, W. P, Menzies, M. A., Matty, B. 1., and Embree, G, F,,
19835. Strontium, necdyminm, and lead isotope compositions
of deep crustal xenoliths from the Snake River Plain - evi-
dence for Archean basement, Earth Planet. Sci. Lett., 75: 354
368.

Lipman, P. W., 1980. Cenczoic magmatism in the western United
States: Implications for continental tectonics. In: Continen-
tal Tectenics, Stud. in Geophys., U. 8. National Academy of
Sciences, Washington, D, C., pp. 161-174,

Lipman, PW., and Glazner, A F., 1991, Introduction to middle
Tertiary cordilleran volcanism: Magma sources and relations
to regional tectonics. J. Geophys. Res., 96: 13193-13200.

Lister, G. 5., and Baldwin, S. L., 1993. Plutonism and the origin
of metamorphic core complexes. Geology; 21: 607-610.

T. Parsons

Lister, G. 8., Banga, G., and Feenstra, A., 1984, Metamorphic
core complexes of Cordilleran 1ype in the Cyclades, Aegean
Sea, Greece. Geology, 12: 221-225.

Liviccari, R. F, and Perry, F. V., 1993, Isotopic evidence for
preservation of Cordilleran lithospheric mantle during the
Sevier-Laramide orogeny, western United States. Geology,
21 71e-T22.

Logan, R.E., and Hirsch, D.D., 1982, Geometry of detachment
faulting and dike emplacement in the southwestemm Castle
Dome Mountains, Yama County, Arizona. In: Frost, E.G., and
Martin, D.L. {Editors), Mesczoic-Cenozoic tectonic evolu-
tion of the Coleorado River region, California, Arizona, and
Nevada. San Diego, Califomia, Cordilleran Publishers, pp.
59%-607.

Lonsdale, P., 1991, Structural pattems of the Pacific floor off-
shore of Peninsular California, In: Dauphin, I. P., and Simoeit,
B. R. T. (Editors), Am. Assoc. Petrol. Geol. Mem., 47, Tulsa,
OK, USA, pp. 87-143,

Luedke, R.G., and Smith, R.L., 1983. Map showing distribution,
composition, and age of late Cenozoic volcanic centers in
ldaho, western Montana, west-central South Dakota, and
northwestern Wyoming. U.8. Geol. Surv. Mise, Geol.
Investig. Map [-1091-C, scale 1:1,000,000.

Lum, C. L., Leeman, W. P., Foland, K. A., Kargel, and Fitton, J.
G., 1989. Isotopic variations in continental basaltic lavas as
indicators of manile heterogeneity: Examples from the West-
em U. 8. Cordillera. J. Geophys. Res., 96: pp. 7871-7884.

Mareschal, 1., and Bergantz, G., 1990. Constraints on thermal
models of the Basin and Range province. Tectonophysics,
174: 137-146.

Matthews, D., and Cheadle, M., 1986, Deep reflections from the
Caledonides and Variscides west of Britain, and comparisons
with the Himalayas. In: Barazangi, M., and Brown, L. {Edi-
tors), Reflection Seismology: A Global Perspective, Am.
Geophys. Union, Geodyn. Ser., 13, pp. 5-19.

Mabey, D, R., Zietz, 1., Eaton, G. P, and Kleinkopf, M. D,, 1978,
Regional magnetic patterns of the Cordillera in the westem
United States. In: Smith, R. B., and Eaton, G. P. {Editors),
Cenozoic tectonics and regional geophysics of the western
Cordillera. Geol. Soc. Am. Mem. 152, pp. 93-106.

Mayer, L., 1986. Topographic constraints on models of lithos-
pheric stretching of the Basin and Range province, westemn
United States. Geol. Soc. Am. Spec. Pap. 208: 1-14.

McCarthy, 1., 1986. Reflection profiles from the Snake Range
metamorphic core complex: A window into the mid-crust.
In: Reflection Seismology: The Continental Crust. American
Geophysical Union, Washington, D. C., Geodyn. Ser. 14, pp.
281-292.

McCarthy, J., and Parsons, T., 1994. Insights into the kinematic
Cenczoic evolution of the Basin and Range-Colorado Pla-
tezu transition from coincident seismic refraction and reflec-
tion data. Geol. Soc. Am. Bull,, in press.



The Basin and Range Province

McCarthy, 1., Larkin, 8.P, Simpson, R.W., and Howard, K.A.,
1991. Anatomy of a metamorphic core complex: Seismic re-
fractionfwide-angle reflection profiling in southeastern Cali-
fomiz and western Arizona. J. Geophys. Res., 96: 12,259-
12,291,

McCarthy, I., and Thompzon, (G.A., 1988, Seismic imaging of
extended crust with emphasis on the westera United States.
Geol. Soc, Am. Bull,, 100; 1361-1374.

McGuire, A. V., 1992, Gabbroic xenoliths from Wikieup, AZ:
Samples of lower crust formed during continental extension:
EQOS Trans. 73: 548.

Melosh, H. J.., 1990. Mechanical basis for low-angle nommal
faulting in the Basin and Range province. Nature, 343: 331-
335,

Menzies, M.A., Kyle, PR., Jones, M. and Ingram, G., 1991.
Enriched and depleted source components for tholeiitic and
alkaline lavas from Zuni-Banderz, New Mexico: Inferences
about intraplate processes and stratified lithosphere. J.
Geophys. Res., 96: 13,645-13,672.

Menzies, M. A., 1989. Cratonic circemcratonic and oceanic
mantle domains beneath the western United States. J.
Geophys. Res., 94: 7899-7915.

Menzies, M. A., Leeman, W. B, Hawkesworth, C. 1., 1983, iso-
tope geochemistry of Cenozoic voleanic rocks reveals mantle
heterogeneity below western USA. Nature, 303: 205-209.

Miller, E. L., Gans, P. B., and Garing, J., 1983. The Snake Range
decollement: An exhumed mid-Tertiary ductile-brittle tran-
sition. Tectonics, 2: 239-263,

Miller, J. M., G., and John, B.E., 1988, Detached strata in 2 Ter-
tiary low-angle normal fault terrane, southeastern California.
A sedimentary record of unroofing, breaching and continued
slip. Geology, 16: 645-648.

Minster, I. B., and Jordon, T. H., 1987, Vector constraints on
western U.5. deformation from space geodesy, neotectonics,
and plate motions. l. Geophys. Res., $2: 4798-4804.

Mooney, W. D., and Braile, L. W., 1989. The seismic structure
of the continental crust and upper mantle of North America.
In: Bally, A. W., and Palmer, A. R. (Editors), The geology of
North America; an overview, Vol. A, Geol. Soc. Am., Boui-
der, CO, USA. pp. 39-52.

Mooney, W, D., and Meissner, R., 1992, Multi-genetic erigin of
crustal reflectivity: a review of seismic reflection profiling
of the continenta! lower ¢rust and Mche. In: Fountain, D.
M., Arculus, R., and Kay, R. W. (Editors), Continental Lower
Crust. Amsterdam, Elsevier, pp. 45-79.

Morgan, P, and Gosnold, W. ., 1989, Heat flow and therma!
regimes in the continental United States. In: Pakiser, L. C.,
and Mooney, W, D, (Editors), Geophysical Framework of the
continental United States. Geol. So¢. Am. Mem., 172, pp.
493-522.

Morgan, W.5., 1972. Deep mantle convection plume and plate
motions: Am. Assoc. Pet. Geol. Bull., 56: 203-312.

Mount, V. 8., and Suppe, J., 1992. Present-day stress orienta-
tions adjacent to active strike-slip favlts: Californja and
Sumatra. . Geophys. Res., 97: 11995-12013.

E¥4]

Nakata, J. K., 1982, Preliminary report on diking events in the
Mojave Mountains, Arizona. In: Frost, E.G., and Mantin, D.L.
{Editors), Mesozoic-Cenozoic tectoric evelution of the Colo-
rado River region, Califomia, Arizons, and Nevada. San Di-
ego, Califomia, Cordilleran Publishers, pp. 85-89.

Nimz, G. L., Cameron, K. L., Cameron, M., and Morris, 8. L.,
1986, Petrology of the lower crust and upper mantle beneath
southeastern Chihuahua, Mexico. Geof. Int. 25: §5-116.

Okaya, D, A.. 1986. Seismic profiling of the lower crust: Dixie
Valley, Nevada. In: Reflection Seismology: The Continental
Crust. American Geophysical Union, Washington, D. C.,
Geodyn. Ser. 14, pp. 269-279.

Okaya, I A., and Thompson, G. A., 1985. Geometry of Ceno-
zoic extensional fanlting: Dixie Valley, Mevada. Tectonics,
4: 107-125.

Olsen, K. H., Braile, L., and Johnson, P., 1980. Seismic velocity
and Q-structure of the upper mantle lid and low velocity zone
for the eastern Great Basin. Geophys. Res. Lett., 12: 1029—
1032,

Olsen, X. H., and Braile, L. W,, 1981. Seismograms of explo-
sions at regional distances in the western United States: Ob-
servations and reflectivity method modeling. In: Husebye,
and Mykkeltveit, S. (Editors), Identification of Seismic
Sources - Earthquake or Underground Explosion, pp. 453—
468,

Olsen, K. H., Braile, L. W,, and Stewart, I. X., 1983, Modeling
short—period crustal phases (P, Lg) for long—range refraction
profiles. Phys. Earth Planet. Int., 31: 334-347,

Omerod, D, S., Hawkesworth, C. J., Rogers, N. W., Leeman,
W, P, and Menzies, M. A, 1988. Tectonic and magmatic tran-
sitions in the westem Great Basin, USA. Nature, 333: 34%-
353.

Pakiser, L. C.. 1989. Geophysics of the Intermontane system.
In: Pakiser, L. C., and Maoney, W. D. (Editors), Geophysical
Framework of the continental United States. Geol. Soc. Am.
Mem,, 172, pp. 235248,

Parsons, T.. and Thompsen, G. A., 1991. The role of magma
overpressure in suppressing earthquakes and topography:
worldwide examples. Science, 253: 1399-1402.

Parsons, T., Howie, J. M., and Thompson, G. A., 1992a. Seismic
constraints on the nature of lower crustal reflectors beneath
the extending southern Transition Zone of the Colorado Pla-
teau, Arizona. J. Geophys. Res., 97: 1239112407,

Parsons, T., Sleep, N. H., and Thompson, G. A., 1992b. Host
rock rheology controls on the emplacement of tabular intru-
sions: implications for underplating of extending crust. Tec-
tonics, 11: 1348-1356.

Parsons, T. and Thompson, G. A., 1993. Does magmatism influ-
ence low-angle normal faulting? Geology, 21: 247-250.
Perry, E. V., DePaolo, D, J., and Baldridge, W. S., 1993. Neody-
mium isotopic evidence for decreasing crusial contributions
to Cenozoic ignimbrites of the western United States: Impli-
cations for the thermal evolution of the Cordilleran crust.

Geol. Soc. Am. Bull., 105: pp. 872-882.



322

Pezzopane, 5. K., and Weldon, R. 1., II, 1993, Tectonic role of
active faulting in central Oregon. Tectonics, 12: 11401169,

Pierce, K. L., and Morgan, L. A., 1992, The track of the
Yellowstone hot spot: Volcanism, faulting, and uplift. In:
Link, P. K. et al. (Editors}, Regional geslogy of eastern Idaho
& western Wyoming. Geol. Soc. Am. Mem. 179, pp. 1-53.

Priestly, K., and Brune, J., 1978. Surface waves and the struc-
ture of the Great Basin of Nevada and westemn Utah. L
Geophys. Res., 83: 2265-2272,

Prodehl, C., 1979, Crustzl structure of the western United States.
1.8, Geol. Surv. Prof, Pap.. 1034, 74 pp.

Proffett, I.M., 1977. Cenozoic geology of the Yerington District,
Nevada and its implications for the nature of Basin and Range
faunlting. Geol. Sec. Am. Bull,, 88: 247-266.

Rehrig, W. A, Reynolds, 8. 1., 1980. Geologic and geochrono-
logic reconnaissance of a northwest—rending zone of meta-
meorphic core complexes in southern and western Arizona.
In: Crittenden, M. D, et al. {Editors), Cordilleran metamor-
phic core complexes. Geol. Soc. Am. Mem., 153: 131-157.

Reynelds, S.J., and Rehrig, W.A., 1980, Mid-Tertiary plutonism
and mylonitization, Scuth Mountains, central Arizona. In:
Crittenden, M. D, 2t al. (Editors), Cordilleran metamorphic
core complexes. Geol. Soc. Am. Mem., 153: 159-176.

Reynolds, 8.J., and Spencer, I.LE., 1985. Evidence for large-scale
transport on the Bullard detachment faul, west-central Ari-
zona. Geology, 13; 353-356.

Ribe, N. M., and Yu, Y., 1991. A theory for plastic deformation
and textural evolution of olivine. ], Geophys. Res,, 96: 8325~
8335,

Roberts, 8. 1., and Raiz, J., 1989, Geochemistry of exposed
granulite facies terrains and lower crustal xeneliths in Mexico.
1. Geophys. Res., 94: 7961-7974.

Rodgers, D. W., Hackett, W. R., and Ore, H. T., 1990. Extension
of the Yellowstone plateau, eastem Snake River Plain, and
Owyhee platean. Geology, 18: 1138-114].

Romanowiscz, B. A., 1976, Seismic structure of the upper mantle
beneath the United States by three-dimensional inversion of
body wave arrival times. R. Astron. Soc. Geophys. 1., 57:
479-506.

Rudnick, R. L., and Camereon, K. L., 1991, Age diversity of the
deep crust in northern Mexico. Geolegy, 19: 11971200,
Ruiz, 1., Patchett, P. 1., Ortega-Gutierrez, F., 1988. Proterozoic
and Phanerozoic basement terranes of Mexico from Nd iso-

topic studies. Geol. Soc. Am. Bull., 100: 274-281.

Ruppert, 8. D., 1992. Tectonics of western North America [Ph.D.
Thesis]. Stanford University, Stanford, California, 217 pp.

Ryall, A., Slemmons, D. B., and Gedney, L. D., 1966, Seismic-
ity tectonism, and surface fanlting in the western United States
during historic time. Bull. Seismol. Soc. Am., 56: 1105-1136.

Saltus, R. W,, 1993, Why is it downhill from Tonopah to Las
Vegas? Geophysical constraints on isostatic support of the
Great Basin, EOS Trans., 74: 548,

Saltus, R.W,, 1991. Gravity and heat flow constraints on Ceno-
zoic tectonics of the Western United States Cordillera [Ph.D.
thesis]: Stanford, California, Stanford University, 245 p.

T. Parsons

Savage, M. K., and Silver, P. G., 1993, Mantle deformation and
tectonics: constraints from seismic anisotropy in the western
United States. Phys. Earth Planet. Int., 78: 201-227.

Scott, W. E., Pierce, K. L., and Hait, M. H. Jr., 1985. Quatemary
tectonic setting of the 1983 Borah Peak earthquake, central
ldaho. U. 8. Geol Surv. Open File Rep., 85-290: 1-16.

Serpa, L., de Yoogd, B., Wright, L., Willemirn, I., Oliver, J.,
Hauser, E., Troxel, B., 1988. Structure of the central Death
Valley pull-apart basin and vicinity from COCORP profiles
in the southem Great Basin. Geol. Sec. Am. Bull., 100: 1437~
1459,

Severinghaus, 1., and Atwater, T., 1990. Cenozoic geometry and
thermal state of the subducting slabs beneath western North
America. In: Wernicke, B, (Editor}, Basin and Range Exten-
sion. Geol. Soc. Am.. Mem,, 176, pp. 1-22.

Sibson, R. H., 1982. Fault zone models, heat flow, and the depth
distribution of earthquakes in the continental crust of the
United States, Bull. Seismol, Soc. Am., 72: 151-163.

Sibson, R. H.., 1985, A note on fault reactivation. J. Struc, Geol.,
T 751-754.

Simpson, R.W., and Jachens, R.C., 1989, Gravity methods in
regional studies. In;: Pakiser, L.C., and Mooney, W.D. (Edi-
tors}, Geophysical framework of the continental United
States. Geol. Soc. Am. Mem. 172: 35-44,

Simpson, R. W, Jachens, R. C., Blakely, R. I., and Saltus, R,
W., 1986, A new isostatic residual gravity map of the
coterminous United States with a discussion on the signifi-
cance of isostatic residual anomalies. J. Geophys, Res., 91:
8348-8372,

Sleep, N. H., 1590. Hotspots and mantle plumes: Some phenom-
enology. J. Geophys. Res., 95: 6715-6736.

Smith, R. B., 1978, Seismicity, ¢rustal structure, and intraplate
tectonics of the interior of the western Cordillera. In: Smith,
R. B., and Eaton, G. P. {Editors), Cenozoic tectonics and re-
gional geophysics of the western Cordillera. Geel. Soc. Am.
Mem. 152, pp. 111-144.

Smith, R. B,, and Lindh, A. G.. 1978. Fault-plane solutions of
the western United States: A compilation, In: Smith, R. B,
and Eaton, G. P. (Editors}, Cenozoic tectonics and regional
geophysics of the western Cordillera. Geol. Sec. Am. Mem.
152, pp. 107-109,

Smith, R. B., Nagy, W. C., Julander, X. A. 8., Viveiros, 1. ],
Rarker, C. A., and Gants, D. G., 198%. Geophysical frame-
work of the ecastern Basin and Range-Colorado Plateau-Rocky
Mountain transition. In: Pakiser, L. C., and Mocney, W. D.
{Editors}, Geophysical Framework of the continental United
States. Geol. Soc. Am. Mem., 172, pp. 205-234.

Smithson, 8. B., 2nd Johnson, R. A., 1989, Crustal structare of
the western U.S. based on reflection seismology. In: Pakiser,
L. C., and Mooney, W. D. (Editers), Geophysical Framework
of the continental United States. Geol. Soc, Am. Mem., 172,
pp. 577-612.

Solomen, §, C., and Butler, R. G., 1974. Prospecting for dead
slabs. Earth Planet. Sci. Lett,, 21; 421430,



The Basin and Range Province

Sonder, L. I., England, P. C., Wemicke, B. P, and Chnstiansen,
R. L., 1987. A physical model for Cenozoic extension of
western North America. In: Coward, M. P, Dewey, J. F,, and
Hancock, P. L. (Editors), Continental Extensionat Teclonics:
Geol. Soc. Lond. Spec. Pub., 28, pp. 187-201.

Sparlin, M.A., Braile, L.W., and Smith, R.B., 1982. Crustal struc-
ture of the eastern Snake River Plain determined from ray
trace modeling of seismic refraction data. J. Geophys. Res.,
87: 2619-2633.

Speed, R., 1976. Geology of Humbelt Lopolith and vicinity, Geol.
Soc. Am. Map MC-14, Boulder, CO.

Spencer, 1.E., 1984. Role of tectonic denudation in warping and
uplift of low-angle normal faults. Geology, 12: 95-98.

Spencer, §.E., 1985, Miocene low-angle nonmal faulting and dike
emplacement, Homer Mountain and surrounding areas, south-
eastern California and southemnmost Nevada. Geol. Soc. Am.
Bull,, 96: 11401155,

Stanley, W. E. D, 1982, Magnetotelluric soundings on the Idako
National Engineering Laboratory facility, Idaho. J. Geophys.
Res., 87;: 26832691,

Stewart, J. H., 1980. Geology of Nevada. Nevada Bureau of
Mines and Geology Special Publication 4.

Stewart, I. H., and Poole, F. G., 1974, Lower Paleozoic and up-
permost Precambrian Cordilleran miogeocline, Great Basin,
western United States. In: Dickinson, W. R. (Editor), Tec-
tonics and Sedimentation. Society of Economic Paleontolo-
gists and Mineralogists Speciai Publication, pp, 22, 28-57.

Stickney, M. C., and Bartholomew, M. 1., 1987, Seismicity and
late Quaternary faulting of the northern Basin and Range
province, Montana and Idaho. Bull. Seismol. Soc. Am., 77:
1602-16125.

Stock, J. M., and Hodges, K. V., 198%. Pre-Pliacene extension
around the Gulf of California and the transfer of Baja Cali-
fornia ta the Pacific Plate. Tectenics, 8: 99-115.

Stock, 1., and Molnar, P., 1988. Uncertainties and implications
of the Late Cretaceous and Tertiary position of North America
relative to the Faralion, Kula, and Pacific plates. Tectonics,
7: 1339-1384.

Suter, M., Quiatero, 0., and Johnson, C. A., 1992, Active fanits
and the state of stress in the central part of the trans-Mexican
volcanic belt, Mexico, 1, The venta de Brave Fault. J.
Geophys. Res., 97: 11583-11994.

Taylor, W, ., Bartley, J. M., Lux, D. R,, and Axen, G. J., 1989.
Timing of Tertiary extension in the Railroad Valley-Pioche
transect, Nevada: Constraints from CAr/™Ar Ages of volca-
nic rocks, }. Geophys. Res., 941 7757-7774,

Thelin, G. P., and Pike, R. 1., 1991, Landforms of the contermi-
nous United States. U. S. Geeol. Surv. Misc. Investig. Ser.,
Map 1-2208, scale 1:3500000.

Thompson, G. A., 1960. Problem of late Cenozoic structure of
the Basin Ranges: Report of the International Geological
Congress XXI. Part 18, p. 62-28.

Thompson, G. A., and Burke, D. B., 1974, Regional geophysics
of the Basin and Range province. Ann. Rev. Earth Planct.
Sei., 2: 213-238.

323

Thompson, G. A., and Burke, D). B., 1973, Rate and direction of
spreading in Dixie Valley, Basin and Range province, Ne-
vada, Geol. Soc, Am. Bull,, 84; 627-632.

Thompson, G. A., and McCarthy, I., 1990. A gravity consiraint
on the origin of highly extended terranes. Tectonophysics,
174: 197-206.

Thompson, G. A., and Zoback, M. L., 1979. Regional geophys-
ics of the Colorado Plateau. Tectonophysics, 61: 149-181.

Torgersen, T., 1993, Defining the role of magmatism in exten-
sional tectonics: Helium 3 fluxes in extensional basins. I.
Geophys. Res,, 98: 16257-16,269.

Walck, M. C., 1984. The P-wave upper-mantle structure beneath
an active spreading centre: the Gulf of California. Geophys.
J. R. Astr. Soc,, 76; §97-723,

Wallace, P, Carmichael, . 8. E,, Righter, K., and Becker, T. A.,
1592, Volcamsm and tectonism in western Mexico: A con-
trast of style and substance. Geology, 20: 625-628.

Ward, P., 1991. On plate tectonics and the geclogic evolution of
souihwestern North America: 1. Geophys. Res., 96: 12479
12496,

Warren, D. H., 1965. A seismic refraction survey of crustal struc-
ture in central Arizona. Geol. Soc. Am. Bull,, 80: 257282,

Wemicke, B., 1992, Cenczoic extensional tectonics of the U. 8.
Cordillera. In: B. C. Burchfiel, P. W. Lipman, and M. L.
Zoback {Editors), The Cordilleran Qrogen; conterminous U.
3. The Geology of North America Volome G-3, Geol. Soc.
Am., Boulder, CO, pp. 553-581.

Wernicke, B, and Axen, G. I.., 1988. On the role of isostasy in
the evolution of normal fauk systems. Geology, 16; 848-851.

Wernicke, B., Axen, G. I., and Snow, J. K., 1988, Basin and
Range extensional tectonics at the latitude of Las Vegas,
Nevada. Geol. Soc, Am. Bull, 100: 1738-1757.

Wernicke, B., Walker, I. D.., and Beaufait, M.S., 1985. Stmc-
tural discordance between Neogene detachments and frontal
Sevier thrusts, central Mormon Mountains, southem Nevada.
Tectonics, 4: 213-246.

Wickham, S. M., Peters, M. T., Fricke, H. C., and O'Neil, 1. R.,
1993. Identification of magmatic and meteoric fluid sources
and upward- and downward-moving infiltration fronts in 2
metamorphic core complex. Geology, 21: 81-84.

Wilshire, H. G., 1990, Lithology and evolution of the crust-
mantle boundary region in the southwestern Basin and Range
province. J. Geophys, Res., 95: 649-665,

Wilshire, H. G., McGuire, A. V., Neller, J. 8., and Tusrin, B. D.,
1991. Petrology of lower crustal and upper mantle xencliths
from the Cima volcanic field, Cal:fomia. J. Petrol., 32: 169—
199,

Wilson, J. M., McCarthy, J., Johnson, R. A., and Howard, K. A,
1991. An axial view of a metamorphic core complex: Crustai
strecture of the Whipple and Chemehuevi Mountains, south-
eastern California, I. Geophys. Res., 96: 12293-12311,

Yin, A., and Dunn, 1., 1992, Structural and stratigraphic de-
velopment of the Whipple-Chemehuevi detachment fault sys-
tem, southeastern California: Implications for the geometri-
cal evolution of domal and basinal low-angle nomal fauits.
Geol. Soc. Am. Bull, 104: 659674,



324

Zaback, M. L., 1989. State of stress and modem deformation of
the northern Basin and Range province. J. Geophys. Res.,
94: 7105-7128.

Zoback, M. L., 1979, Direction and amount of late Cenozoic
extension in north-central Nevada. Geol. Soc. Am. Abs. Prog.,
11:137.

Zoback, M. L., 1978, A detailed study of late Cenozoic defor-
mation in the porthern Basin and Range [Ph.D. thesish:
Stanford, California, Stanford University, 247p.

Zoback, M. L., Anderson, R. E., and Thompson, G. A., 1981.
Cainozoic evolution of the state of stress and style of tec-
tonism of the Basin and Range province of the western United
States. Phil. Trans. R. Soc. Lond., A300: 407434,

Zoback, M. L., McKee, E. H., Blakely, R. I, and Thompson, G.
A., 1994, The northern Nevada rift: Regional tectono-mag-
matic relations and middle Miocene stress direction. Geol.
Soc, Am. Bull, 106: pp. 371-382.

T. Parsons

Zoback, M. L., and Thompson, G. A., 1978. Basin and Range
rifting in northern Nevada: Clues from a mid-Miccene rift
and its subseguent offsets. Geology, 6: 275-284.

Zoback, M, L., and Zoback, M. D., 1989, Tectonic stress field of
the continental United States. In: Pakiser, L. C., and Mocney,
W. D. (Editors}, Geophysical Framework of the continental
United States. Geol. Soc. Am. Mem., 172, pp. 523-539.

Zoback, M. L., and Zoback, M. D., 1980, State of stress in the
coterminous United States. J. Geophys. Res., 76: 1171-1183.

Zuber, M. T., Parmentier, E. M., and Fletcher, 1986. Extension
of continental lithosphere: a mode!l for two scales of Basin
and Range deformation. J. Geophys. Res., 91: 48264838,



40

35

30

25

20

| i | N
115 110 105 100

|
120

130 125

5 4 3 -2 1 0 1

Elevation (km)

2 3

Plate 7-1. Topography of westemn North America. The northern Basin and Range province is higher on average than the southern
Basin and Range, and the topographic boundary is quite distinct (located between the southern ends of the Sierra Nevada and
Colorado Plateau).
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Plate 7-2. Bouguer gravity of westem North America. The northern Basin and Range is a symmetric regional gravity low. See tex:
for discussion.





